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ABSTRACT 
Osteogenic Effects of a Synthetic Mineral Trioxide Aggregate and four modified Mineral 
Trioxide Aggregates with Silicon on Normal Human Osteoblast Cells 
A-M Barussaud *, D.R. Gagnon , J W Hutter , L.L. Chou 
Boston University , MA 
The aim of this study was to investigate , on normal human osteoblast cells, the osteogenic 
effects of a synthetic Mineral Trioxide Aggregate (SMTA) , SMTA+20% silicon, SMTA+40% 
silicon , SMT A+ 20% bioactive inorganic element (BIE) and SMT A +40% BIE. The materials 
were mixed and incubated 24 hours prior to testing in 24 wells plates. Osteoblasts were obtained 
from culturing bone chips from eight healthy patients , then seeded at a density of l.5x 105 cells 
on each well. Cells grown alone on the wells served as a control. Crystal violet dye was used to 
measure cell attachment efficiency and proliferation rate at 16h, 12 and 20 days. SEM 
examination was done at 12 days, using the SMT A and SMTA-Silicon 40% samples , with and 
without cells. Osteocalcin levels were measured by immunoradiometric assay at 12 and 20 days. 
The data were statistically analyzed with an analysis of variance (ANOV A) and post-hoc testing 
compared means by treatment group. The overall proliferation results showed that both the 
SMTA-BIE40% and the SMTA-Si40% groups had a higher cell attachment efficiency compared 
to the SMT A and the control groups (p<0.05). The control group had a higher level of 
osteocalcin than the SMTA-BIE20% , SMTA-Si20% and SMTA-Si40% (p<0.05). There was no 
significant difference in osteocalcin levels between the control group and the SMT A and SMT A-
BIE40% groups. The SEM examination showed cell attachment on both SMT A and SMT A-
Si40% samples. As a conclusion, modified MT A with addition of 40% BIE could promote the 
proliferation of normal human osteoblast cells in vitro. Supported by BU Department of 
Biomaterials. 
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The ultimate goal of endodontic therapy is to retain the natural tooth in function and esthetics. 
Non-surgical root canal treatment is a highly successful procedure and success rates have been 
shown to range from 86% to 96% (Sjogren et al., 1990; Swartz et al., 1983). Root canal anatomy 
can be somewhat challenging for the clinician and complex cases may require further 
procedures. Non-surgical retreatment is the treatment of choice when faced with cases where 
regular root canal therapy has failed , but surgical procedures are sometimes necessary when 
retreatment is not possible. 
According to Gartner and Dom, an ideal root-end filling material must be biocompatible, be well 
tolerated by periradicular tissues without creating an inflammatory reaction , and be nontoxic 
both locally and systemically. It must also not promote , and preferably inhibit , the growth of 
pathogenic organisms ; stimulate the regeneration of normal periradicular tissues ; not be affected 
by moisture in either the set or unset state, and not be absorbable by the body within the confines 
of the tooth , but the excess should be absorbable. The material should be dimensionally stable 
and should not expand , contract , or flow in any direction when set. It should also not corrode or 
be electrochemically active , nor stain either the tooth or the periradicular tissues. It should be 
easy to mix and insert , be distinguishable on radiographs and adhere or bond to the tooth without 
needing undercuts (Gartner and Dom , 1992). Many materials have been experimented in an 
attempt to fulfill these requirements. Among these , the most frequently employed has been 
amalgam. Studies have shown that amalgam has good compressive strength (Torabinejad et al., 
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1995a), but poor sealing abilities (Torabinejad et al., 1995f; Torabinejad et al., 1993), and ·can 
induce cytotoxicity (Souza et al., 2006). 
In the early 1990's, a new material was invented at Loma Linda Universit y and has been 
proposed as a root-end filling material. This material is called Mineral Trioxide Aggregate 
(MT A) and is composed of tricalcium silicate , tricalcium aluminate , tricalcium oxide , silicate 
oxide and bismuth oxide (Torabinejad et al., 1995a). This material has been shown to have good 
physicochemical properties , but has the disadvantage of having a prolonged setting time 
(Torabinejad et al., 1995a). Studies have shown that MTA is less cytotoxic than other materials 
(Keiser et al., 2000) , including amalgam. It also creates mild to moderate inflammation when in 
contact with periradicular tissues. MT A was also found to be osteoconducti ve, and can promote 
bone cell adhesion and cementum regeneration (Baek et al., 2005 ; Torabinejad et al., 1995b; 
Torabinejad et al., 1997). These properties have also extended the usage of MTA for perforation 
repair , and as a pulp capping material. 
Silicon is an essential element that was found to promote growth rate (Carlisle , 1972). It is a 
major component of matrix formation and is present in the mitochondria of osteoblast cells 
(Mehard and Volcani , 1976). Therefore , because of the necessity of enhancing bone formation 
next to a field that has undergone extensive bone loss as in apicoectom y sites, silicon could be 
added to promote bone formation. 
There are multiple ways of delivering silicon into a surgical site. Bioactive glasses are made of 
various amount of silicon dioxide. These materials were found to have low levels of toxicity 
(Wilson , 1981 ). The major property of bioactive glasses is their potential to bond to bone and to 
connective tissues (Hench et al., 2004 ). When bioacti ve glasses are in contact with biological 
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fluids , they release silicon by forming a layer composed of biologically reactive hydroxilapatite 
and silica. This layer crystallizes in 7-10 days and is crucial for bone attachment. Furthermore , 
studies have shown that bioactive glasses can promote osteoblast differentiation by increasing 
the release of osteocalcin , a marker of late-stage differentiation (Chou, 1998; Hattar et al., 2005). 
Different cellular lineages have been used to observe cellular proliferation and osteoblast 
differentiation when seeded over potential root-end filling materials , but few studies used real 
human osteoblast cells. Since growing human osteoblast cells from human bone chips is an 
extensive process , this can explain the lower popularity of this type of experimentation. We 
consider that results obtained with this process would be more imputable to a clinical situation , 
therefore we chose this process to test our biomaterials. In our study, we created a synthetic 
mineral trioxide aggregate , using the same composition than gray mineral trioxide aggregate. We 
considered that our material could behave the same way as gray MT A when in contact with 
osteoblast cells. Several studies evaluating the biocompatibility of Portland cement with that of 
gray and white MT A showed that these materials had similar cytotoxicity levels (De Deus et al., 
2005 ; Ribeiro et al., 2005). We used human osteoblast cells to see if a modified synthetic MTA 
with silicon in two different concentrations , by itself or under the form of a bioactive glass, 




The hypotheses of our study where as follow: 
• An addition of silicon or Bioactive inorganic element (BIE) to synthetic MT A will 
increase the cell attachment efficiency and increase the amount of osteocalcin and 
alkaline phosphatase released compared to synthetic MT A alone. 
• An addition of 40% silicon or BIE to synthetic MT A will increase the cell attachment 
efficiency and increase the amount of osteocalcin released compared to an addition of 
20% silicon or BIE to synthetic MT A. 
• An addition of BIE to synthetic MT A will increase the cell attachment efficiency and 
increase the amount of osteocalcin released compared to an addition of silicon to 
synthetic MT A. 
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Chapter 3 
LITTERA TURE REVIEW 
Basic bone biology: 
Bone is a dynamic tissue , undergoing constant renewal in response to mechanical , nutritional 
and hormonal influences. Despite its functions of support and protective covering, it acts as a 
calcium reservoir that can be used in case of metabolic needs. Bone is a mineralized connective 
tissue composed of 28% type I collagen, 5% non-collagenous , structural matrix proteins and 
67% hydroxyapatite (Nanci , 2003). Osteogenic cells that form and maintain bone consist of 
preosteoblasts , osteoblasts , osteocytes and bone-lining cells. These cells arise from primitive 
mesenchymal cells contained in the stroma of bone marrow and from pericytes adjacent to small 
blood vessels in connective tissue. The bone cells in charge to resorb bone are the osteoclasts. 
Bone cells 
Preosteoblasts come from mesenchymal cell differentiation. These cells follow a 2 to 3 days 
transitional state between the osteoprogenitor cell and the differentiated osteoblast. The cells 
become rounded and organize to form a contiguous layer. There is also a rise in the levels of 
alkaline phosphatase. The cells are still in a proliferation stage (Raisz , 1990). During cell 
differentiation , they combine together or with osteoblasts to increase their rough endoplasmic 
reticulum (RER) and Golgi complex. 
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Osteoblasts are mononucleated cells that have for primary function to produce bone matrix. 
About 90% of this bone matrix consists of type I and type V collagen , the remaining 10% 
composed of several non-collagenous proteins and proteoglycans. They appear as cuboidal cells 
when they are active , organized as a contiguous layer above the matrix that they secrete. Because 
osteoblasts have an important secretory role , these cells contain an abundance of RER and large 
Golgi complexes. They have the capacity to synthesize collagenous and non-collagenous bone 
matrix proteins , and small proteogycans ( decorin and biglycan). They also secrete matrix 
metalloproteinases (MMPs) into the extracellular bone matrix in an inactive form, as well as 
tissue inhibitors of metalloproteinases. Cytokines are also important secretory products of 
osteoblasts and they regulate cell metabolism. Osteoblastic expression of growth factors , 
chemokines and prostaglandins influence osteoclasts activity, particularly PGE2. They secrete 
several members of the bone morphogenic protein (BMP) family , mostly BMP-2 , BMP-7 , 
transforming growth factor-P , insulin-like growth factors (IGF) , platelet derived growth factors 
(PDGF) and fibroblastic growth factor (FGF). Osteoblasts have receptors for 1,25-dihydroxy-
vitamin D3 and parathyroid hormone (PTH) , these hormones are biphasic , they can activate bone 
resorption and calcium mobilization at high concentrations , they can induce changes in the actin 
and myosin cytoskeleton and in osteoblast shape , or they can support bone formation at lower 
concentrations (Garant , 2003; Nanci , 2003). 
During bone formation , osteoblasts become entrapped in bone matrix and are transformed into 
osteoc ytes. However , the mecanism underl ying this phenomenon is not known. The number of 
osteoblasts that become entrapped varies depending on the rapidity of bone formation. When 
they are totally entrapped in bone matrix , osteocytes become reduced in size, and their secretory 
and synthetic capacit y diminishes . Their major role is to mobilize calcium and different bone 
matrix ions in order to be sent to body fluids at the bone surface. Osteoblasts , osteocytes and 
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bone lining cells communicate via gap junctions , allowing ion transportation. When bone 
resorption occurs , osteocytes are liberated from the bone matrix by osteoclasts (Garant , 2003). 
Osteoblast-derived cells that have completed matrix production cover the calcified bone matrix 
and form polygonal bone lining cells. Bone-lining cells cover approximately 80% of the bone 
surface. They contain few organelles , they have lost their capacity to proliferate and are less 
implicated in production of matrix proteins. Their major role is to create an effective barrier 
between the bone and the extracellular fluid. They protect the bone surface from osteoclasts , 
regulate the composition of bone fluids and regulate bone formation or resorption. They could 
also participate in the control of calcium hemostasis (Raisz , 1990). Their osteoprogenitor 
capacity is important in response to an increased strain and callus formation during bone repair. 
Osteoclasts consist of multinucleated cells and are much larger than all other bone cells. They 
are derived from migrating monocytes and have similarities with macrophages , suggesting a 
hematopoietic origin . They have an indented nuclei with prominent nucleoli , little rough 
endoplasmic reticulum , abundant mitochondria and lysosomes. Their typical morphology exhibit 
a large amount of folded plasma membrane surrounded by a clear zone. This folded membrane is 
called ruffled border and, along with the clear zone , attaches to the surface to be resorbed 
creating an enclosed space for enzymatic activity. Lysosomal enzymes capable of digesting the 
bone matrix are cathepsin B and serine proteases. Osteoclast cells also posess tartrate-resistant 
acid phosphatase within their cytoplasmic vacuoles and vesicles . This enzyme is an important 
component of the hydrolytic system of enzymes involved in bone resorption (Raisz , 1990). 
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Biochemical markers of bone formation 
Collagen 
Type I collagen is the major secretory product of osteoblasts , but is also secreted by other cells in 
different tissues and therefore , cannot be used to measure bone formation. Beresford et al., in 
1986, examined the effects of 1,25 (OH)2D3 on human bone-derived cells in vitro. They found 
that human bone cell cultures synthesized mostly type I collagen. They also found an increase in 
protein synthesis related to an increase in l ,25(OH) 2D3 (Beresford et al., 1986). 
Osteocalcin 
Osteocalcin is a non-collagenous protein and is synthesized by osteoblasts. After synthesis , 
osteocalcin is released into the organic matrix , also called osteoid , and some osteocalcin can be 
found into the serum. The serum levels of osteocalcin is and indicator of bone formation . 
Osteocalcin has been demonstrated only in mineralized tissues and may be specific to 
mineralized tissue-forming cells (Sodek , 1987). Osteocalcin levels are regulated by vitamin D3. 
In a study by Mahonen et al., in 1990, various cell lines ressembling osteoblasts were induced to 
secrete osteocalcin by different amounts of 1,25(OH) 2D3. The results of this study showed that 
MG-63 cells responded with increased intracellular and secreted levels of osteocalcin. It was also 
found that the rate of osteocalcin secretion was dose-dependent and saturable. The other cell 
lines used , U2-OS and SaOs-2 , did not secrete more osteocalcin when triggered by l ,25(OH)2D3 
(Mahonen et al. , 1990). 
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Alkaline phosphatase 
Osteoblasts and preosteoblasts express high levels of alkaline phosphatase on the outer surface 
of their plasma membrane. After going through an active proliferation period characterized by an 
increased expression of growth-related genes and maximum collagen type I levels , there is a 
down-regulation and the osteoblasts undergo matrix mineralization period. During this time , the 
alkaline phosphatase gene is highly expressed and the extracellular matrix is ready to undergo 
mineralization , the last period of the development of osteoblasts. Owen et al. , in 1990 , evaluated 
the temporal sequence of gene expression during the osteoblast developmental sequence. When 
culturing calvarial-derived osteoblasts for a 35 day period , they found a peak in the proliferation 
period at 10 days and the proliferation ending at 12 days. There was also a peak in the alkaline 
phosphatase levels from 12 to 18 days and a peak in osteocalcin around 16-20 days (Owen et al. , 
1990). Alkaline phosphatase contributes to the initiation and growth of bone mineral crystals. An 
in vitro study evaluated the role of alkaline phosphatase and organic phosphate on the initiation 
and progression of mineralization of bone nodules. This study used fetal rat calvaria cell cultures 
grown for 19 days and treated at stecific timelines ( either at initiation or progression periods) 
with Levamisole , an inhibitor of alkaline phosphatase activity . The results showed that 
Levamisole blocked the initiation of mineralization , but not the progression. Therefore , alkaline 
phosphatase is crucial for the initiation of mineralization , but not mandatory for it's progression 
(Bellows , 1991 ). The level of alkaline phosphatase in serum is a systemic indicator of bone 
formation , and it is also used as a cytochemical marker in order to distinguish osteoblasts from 
fibroblasts. 
Vitamin D3 was found to increase alkaline phosphatase activity. In one study , the authors used 
cells from human trabecular bone chips and treated the cells with either l ,25-(OH) 2D3 or 24,25-
(OH) 2D3. They found that alkaline phosphatase activity increased at 24h and kept increasing 
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continuously until 72h when the cells were treated with vitamin D3• This increase was less at 
high cell densities. This shows that the responsiveness of human bone cell cultures to vitamin 
D3, but not their sensitivity, may be dependent on the rate of cell proliferation (Beresford et al., 
1986). Another study used human periosteum osteoblast cell cultures and measured the effect of 
1,25(0H)2D 3 on calcification of the cells. Different amounts of Vitamin D3 were added to the 
cells after they achieved confluency in 24 well clusters. They were treated for 21 days and the 
level of alkaline phosphatase activity was measured. The results showed that alkaline 
phosphatase activity was increased with the treatment in a dose dependent manner. The amounts 
of calcium and phosphorus were also increased in the same way, therefore suggesting a state of 
maturation of the cells (Koshihara et al., 1987). A later study found similar results. The authors 
used human osteoblastic cells isolated from adult human spongy bone. The cells were incubated 
for 36h with 1,25-(0H) 2D3. When compared with controls, the treated cells showed a 1.5 fold 
increase in alkaline phosphatase activity. In this same study, the authors varied the culture 
conditions of the cells to a less supplemented culture medium. They found that alkaline 
phosphatase levels were decreased when the culture medium was not supplemented and the cells 
expressed a poorly differentiated phenotype. Therefore , alkaline phosphatase can be modulated 
by varying culture conditions , and is the determinant criterion for defining osteoblast cultures 
(Rattner et al., 1997). 
Tissue Culture 
Human osteoblast cultures are difficult to obtain and are very technique sensitive. However, they 
are necessary in order to extrapolate the results of in vitro studies to the human situation. Many 
studies employed fetal tissues because of their higher capacity to proliferate than cells from adult 
tissue. However , the adult cells are more appropriate for studies investigating the formation and 
regulation of mature bone (Sodek , 1987). One study compared the activity of MG-63 cells and 
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human osteoblast cells when placed in contact with a substrate that could enhance osteoblast cell 
proliferation. The human osteoblast cells (HOB cells) used in this study were obtained from 
fetal human calvaria and were isolated using a modified sequential digestion procedure with 
0.05% trypsin and 0.2% collagenase. The cells were then placed in a culture medium and the 
cells from passages 3 or 4 were used. When comparing the alkaline phosphatase activity of both 
types of cells, the authors found that the human osteoblast cells had an alkaline phosphatase 
activity that was comparable or slightly higher than the osteosarcoma cells MG-63. The 
proliferation rate of the HOB cells was significantly lower than the MG-63, which was 
anticipated considering that MG-63 cells are cancer cells. The human osteoblast cells 
proliferated on the substrate from Oto 17 days, and then maintained a plateau from 20 to 33 
days, probably due to cell contact inhibition or lack of vascular supply according to the authors 
(Malekzadeh et al., 1998). In another study, the authors isolated human osteoblast cells and 
evaluated age and gender differences in alkaline phosphatase production, osteocalcin production, 
cell growth , cAMP levels and collagen synthesis. In order to prevent cell damage resulting from 
enzymatic digestion, in this study, the authors did not use collagenase digestion for releasing of 
osteoblasts from bone explants. The overall results showed that the cells derived from women 
bone explants were more susceptible to age changes than the bone of men (Katzburg et al., 
1999). 
Bone cell isolation 
These studies involved different techniques of bone cell isolation. The most commonly used 
techniques have been the mechanical technique and the enzymatic technique. The mechanical 
technique is based on the principle that osteoblasts can migrate from bone onto glass fragments. 
The bone should be dissected and all fibrous tissue removed. The bone is then placed in Petri 
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dishes with 6mL DMEM supplemented with FBS and ascorbic acid. When using bone cells from 
mice calvariae , the cells migrated after 24h in culture , and after 1-2 weeks , the cells expressed 
11.2% of total protein synthesis to collagen. The enzymatic isolation involves a timed release of 
cells from the bone surface utilizing a bacterial collagenase-rich protease mixture. Fibroblast and 
osteoclasts are released first since they are in the outer layers , and osteoblasts are released later. 
Unfortunately , when using this method , the cells loose some osteoblastic characteristics 
including a decrease in alkaline phosphatase activity , an increase in type III collagen and a 
decreased cAMP response to PTH. For cultures of human bone cells , the most advocated method 
is the explant procedure method and it is based on the principle that bone cells that are allowed 
to grow out from bone explants will retain osteoblastic properties on subsequent culture . 
Trabecular fragments are obtained during surgical procedures , washed in PBS to remove blood , 
and are then dissected in 3-5mm diameter pieces. They are then placed in culture dishes and may 
or may not be treated with bacterial collagenase. The explants are placed in culture medium 
consisting of a-MEM supplemented with 10% FBS and containing 50U/mL of penicillin, 
15 µg/mL streptomycin and 2mM glutamine and then incubated at 3 7°C, 95% Oxygen and 5% 
CO2 . This medium is changed after 24h and then at 5-days interval. Cells can be seen after one 
week and reach confluence after 3-4 weeks. The first subcultures of cells from various types of 
bone showed good response to PTH, expressed high ALP levels and synthesized high levels of 
collagen and osteocalcin (Sodek and Berkman , 1987). 
Silicon 
One of the bone enhancing products used in our study is silicon. Silicon is an essential trace 
element that is slightly water-soluble and is found in most animal tissues and fluids. In nature , 
silicon is found as the oxide silica (SiO2) . In the past , most of the studies were done to evaluate 
the deleterious effects of silicon toxicit y, but nowadays , silicon has been proven to be an 
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important cellular component and it plays an important role in bone and cartilage formation , 
connective tissue matrix , collagen and glycosaminoglycans organization. It also has an important 
role in the normal aging process. 
It has been shown that the highest concentration of silicon is found in the epidermis and in 
connective tissues (Simpson , 1981 ). Several studies were done to see the effect of silicon on 
bone. One of the first in vitro study used an electron microprobe analysis technique that was 
applied to bone and other tissues , in young rats and mice , and showed that silicon is localized in 
areas of active bone growth in young bones. In the early stages of calcification , the content of 
calcium and silicon was very low but the contents rose as mineralization progressed (Simpson , 
1981 ). Another study by the same author was conducted on the chick and showed that when 
chicks were fed with a low-silicon diet based on an optimal mixture of L-amino acids , an 
increase of 50% in growth rates was observed when silicon was added to the diet as sodium 
metasilicate (Carlisle , 1972). 
In another study , the author analyzed eight different materials containing mucopolysaccharides 
for silicon levels. The results showed that silicon is present as a sianolate and plays a role in the 
structural organization of glycosaminoglycans and polyuronides. They furthermore suggested 
that silicon could act as a cross-linking agent and contribute to resilience of connective tissue 
(Schwarz , 1973). The first evidence that silicon was required for articular cartilage and 
connective tissue formation , and that the site of action of silicon is the glycosaminoglycan-
protein complexes of ground substance was proven by Carlisle in 1976. In this study , chicks 
were fed with a silicon supplemented diet and were compared with silicon deficient chicks. They 
observed that chicks in the silicon supplemented group had thicker legs and larger combs in 
proportion to their size. Furthermore , they found a greater water content in bones of the silicon 
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supplemented chicks that coincided with a higher concentration of glycosaminoglycans in the 
articular cartilage (Carlisle, 1976). The author proved in a later paper that gross changes 
(narrower and shorter) in the architecture of the skull of silicon-deficient chicks are evident , and 
that this observation is independent of the level of dietary vitamin D (Carlisle , 1981 ). Silicon is 
then a major component of matrix formation and this process is more affected by silicon 
deficiency than the mineralization process. Silicon is then involved in the early stages of bone 
formation (Carlisle , 1982). 
Silicon is present in the osteoblast, and specifically in the mitochondria. An X-ray microanalysis 
study done on osteo blasts and active bone growth areas in calcification phase was able to 
demonstrate that the distribution and localization pattern of silicon and calcium are similar , and 
not uniformly distributed. In these localized areas of bone formation, the cellular content of 
calcium was two and one half greater and silicon 25 times greater (Simpson , 1981 ). 
Mitochondria isolated granules from rat liver , spleen and kidney were found as being able to 
accumulate silicon in large or small granule aggregates. X-ray microanalysis showed that the 
aggregates were composed predominantly of silicon with minor amounts of phosphorous , 
chloride , sulfur and magnesium. The highest amount of silicon was seen in the spleen and the 
lowest in the liver. This phenomenon could serve as a storage mechanism in case of a silicon 
deficiency , normal disposal of silicon or accumulation needed for bone formation (Mehard and 
Volcani , 1976). 
Silicon also appears essential for the aging process of the bone. In the normal aging process , 
there is a decrease in estrogen production , creating an imbalance in the rates of bone resorption 
and formation and leading to trabecular bone loss. A study conducted on ovariectomized rats 
evaluated the short-term effect of organic silicon silanol on bone formation , resorption and 
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trabecular bone volume. Silano! is known to be well absorbed in the gut. Their results showed 
that a high dose of silanol (1.0 mg/kg/day) for one month was able to prevent partially trabecular 
bone loss , possibly by stimulating bone matrix formation (Hott et al., 1993). In another study , 
administration of mineral silicon increased muscle magnesium levels as well as calcium levels in 
the bone and the aorta whereas organic silicon creates a fixation of calcium on the muscle , a 
decrease in bone calcium and aorta calcium (Charnot et al. , 1977). 
Mineral trioxide aggregate 
A variety of products have been used in the past as root-end filling materials. Gartner and Dorn , 
in 1992, suggested that an ideal root-end filling material must have the following properties: it 
must be biocompatible , be well tolerated by periradicular tissues without creating an 
inflammatory reaction, and be non-toxic both locally and systemically. Also, it must not 
promote , and preferably inhibit , the growth of pathogenic orgamsms. It must stimulate the 
regeneration of normal periradicular tissues. It should not be affected by moisture in either the 
set or unset state , and not be absorbable by the body within the confines of the tooth, but the 
excess should be absorbable. The material should be dimensionally stable and should not 
expand , contract, or flow in any direction when set. It should also not corrode or be 
electrochemically active , nor stain either the tooth or the periradicular tissues. It should be easy 
to mix and to insert, be distinguishable on radiographs and adhere or bond to the tooth without 
needing undercuts (Gartner and Dorn , 1992). A wide selection of products have been suggested 
to fulfill these requirements , but none could cover all of them . Among these products where 
amalgam , SuperEBA cement (Bosworh Co. Skokie , IL), IRM (Caulk , Milford , DE), gutta 
percha , Cavit™ (3M ESPE , St Paul , Ml) , composite resin , gold foil and glass ionomer cements. 
In the 1990's , a new product , mineral trioxide aggregate , has been commercially available as 
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ProRoot® MT A (Tulsa Dental Products , Tulsa , OK, USA) . It is available in two forms , white 
and gray MT A. This new material has been proposed as a root-end filling material , and is also 
used for pulp capping , apexification and perforation repair in endodontics. 
Physico-chemical properties 
I) Composition 
Mineral trioxide aggregate is a powder composed of fine hydrophilic particles. The powder 
consists of 75% Portland cement , 20% bismuth oxide , and 5% gypsum. In a study , the authors 
used quantitative X-ray analysis to determine the chemical composition of MT A. The results 
showed that MT A was divided into two phases: calcium oxide under the form of discrete crystals 
and calcium phosphate that appeared as an amorphous structure. They found that the principal 
compounds of MTA are tricalcium silicate , tricalcium aluminate , tricalcium oxide and silicate 
oxide. Bismuth oxide is added to the material for radiopacity (Torabinejad et al., 1995a). 
Another study evaluated the constitution of gray and white MT A before and after mixing with 
water. The results showed that white MT A is composed of calcium , silicon , bismuth and oxygen 
in the form of tricalcium silicate and bismuth oxide. Gray MT A is composed of calcium , silicon , 
aluminum , iron , bismuth and oxygen in the form of tricalcium silicate , dicalcium silicate and 
bismuth oxide (Camilleri et al. , 2005a). When MT A is prepared , it is mixed with sterile water 
and forms a colloidal gel. 
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2)pH 
The pH of MT A is alkaline , but the results of the studies show variable values. In a study from 
Torabinejad et al., in 1995, the MTA discs were put in distilled water and the pH was measured 
at different time intervals. The results showed that the pH levelof MT A after mixing was 10.2, it 
reached 12.5 at 3h and remained constant afterwards (Torabinejad et al., 1995a). In a further 
study, the authors compared the pH of ProRoot® MTA to MT A-Angelus® , which is a Portland 
cement with minimal arsenic content. The cements where also mixed and stored in distilled 
water. The results showed that the values were higher after 3 hours , ProRoot® MT A had a pH of 
9.32 and MTA-Angelus® a pH of 9.52, and then tended to decrease afterwards for both 
products. The pH was also higher for MT A-Angelus® than for ProRoot® MT A, but there was 
no statistical difference between the pH results of the two products (Duarte et al., 2003). In 
another study done in 2005 , by different authors , they tested the pH of an experimental cement 
made of Portland cement , and MTA-Angelus® , stored in deionized water. The time of 
immersion was 360 hours. They observed that the pH value was 10.39 for MT A-Angelus® and 
10.59 for the experimental cement. These results are higher than the previous study done by 
Duarte and al. After 24h , the pH decreased in a constant manner , this being in accordance with 
the other studies (Santos et al., 2005). 
3) Setting time 
The main inconvenient of using MT A as a root-end filling product is its long setting time. When 
comparing the setting time of MTA , amalgam , Super-EBA and Intermediate restorative material 
(IRM), the results showed that MTA had the longest setting time (2h45 min.) and amalgam the 
shortest ( 4 min.) (Torabinejad et al., 1995a). 
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4) Compressive strength 
The compressive strength is defined as the maximum amount of compressive load that a material 
can support before fracturing. When considering a root-end filling material , this property is less 
important because the material is not supporting direct occlusal load. A study compared the 
compressive strength of Amalgam , Super-EBA , MT A and IRM. The materials were immersed in 
distilled water for 21 h or 3 weeks and their compressive strengths were measured with an Instron 
machine. According to the results of this study , amalgam had the highest compressive strength 
after 24h and MT A the lowest. They also found that the compressive strength increased after 3 
weeks and the results were as follows: Amalgam> Super-EBA> MTA>IRM (Torabinejad et al. , 
1995a). 
5) Solubility 
The main use of MT A is to seal off pathways of communication between the root canal system 
and the exterior surface of the root. In order to fullfil this requirement , it is important that the 
material be insoluble and does not desintegrate in an aqueous environment. This characteristic is 
dependent on the water-to powder ratios of MT A. A study was done to determine the solubility 
and porosity of MT A when mixed with different water-to-powder proportions . The ratios that 
were evaluated ranged from 0.26 to 0.33 , the latter being the manufacturer's recommendation. 
The results showed that the degree of solubility increased with the amount of water used. The 
amount of porosity was also higher when a 0 .33 ratio was used (Fridland and Rosado , 2003). A 
different study evaluated the hydration behavior of MT A when placed in different physiological 
environment. Th ey separated the mixed specimens in solutions containing water , normal saline , 
pH 7 solution and pH 5 solution. An SEM evaluation of the MT A powder before hydration 
showed that the particle size ranged from I to IO µm and consisted of cubic and needle-like 
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crystals. After hydration with the pH 5 solution, the cubic crystals were undeveloped and there 
were no needle-like crystals , when compared with the other groups. The micro-hardness test was 
the lowest for the pH5 group , and the highest values were recorded with the pH7 group (Lee et 
al., 2004 ). The results of these studies show that an acidic environment is detrimental to the 
properties of MTA and an optimal water-to-powder ratio is needed to prevent desintegration of 
the material. 
6) Sealing ability 
In order to prevent contamination of the root canal system, the material used as a root-end filling 
must prevent bacterial leakage. One of the first studies that tested the sealing ability of MT A was 
done in 1993. The authors compared the sealing ability of MT A with amalgam and Super EBA. 
The roots of extracted teeth were resected and they were obturated with the different materials. 
The roots were immersed in a solution of rhodamine B fluorescent dye for 24h, and then 
prepared for examination under a Tandem Scanning Reflected Light microscope. The results 
showed that the dye penetrated all the cavities filled with amalgam , and the cavities filled with 
Super EBA leaked less than amalgam. The material that offered the least dye leakage was MT A 
(Torabinejad et al., 1993). Another study used the bacteria S. epidermidis , and compared the 
bacterial leakage of MT A with amalgam, Super-EBA and IRM. Their samples were tested for a 
period of 90 days. They found that the samples filled with MT A leaked within an interval of 6 to 
50 days. Eight out of 10 samples of Super-EBA leaked in 11 to 57 days, and all samples of IRM 
leaked in 8 to 52 days. MT A was the best material and there was no leakage in 8 out of 10 
samples for the whole period of experimentation (Torabinejad et al., 1995f). These studies show 
that MT A has the ability to prevent bacterial leakage and can be used as an effective root-end 
filling material. 
27 
7) Marginal adaptation 
Mineral trioxide aggregate has good marginal adaptation. Torabinejad et al. , in 1995, evaluated 
the marginal adaptation of MT A, amalgam , Super-EBA and IRM. They used 40 extracted human 
teeth that were cleaned , shaped and then obturated with gutta percha. A 3mm root-end resection 
was made and then obturated with either Super-EBA , MTA , amalgam or IRM and incubated for 
48h. Sections were then made and observed under the scanning electron microscope. The results 
showed that MT A had the smallest gaps and IRM the largest gaps and poorest adaptation among 
the materials. They also found that none of the samples filled with MT A had noticeable marginal 
gap. This study shows that MT A provides better seal than amalgam , IRM and Super-EBA 
(Torabinejad et al. , 1995d). 
Biocompatibility 
A) Cytological investigation of biocompatibility 
The biocompatibility studies for new materials have to be done in vitro and then , if the material 
is found to be biocompatible , in vivo studies can be achieved. The ISO recommends using 
established cell lines for preliminary cytotoxicity screenings because they have the advantage of 
enhancing reproducibility of the results. Torabinejad et al. , in 1995, compared the cytotoxicity of 
fresh and set materials (amalgam , Super EBA , IRM and MT A) on mouse L929 cells. They used 
an agar overlay method to evaluate cellular lysis and a radiochromium release method. The 
results showed that for the fresh and set materials , amalgam was the less toxic and MT A ranked 
second. The radiochromium method showed that MT A is less toxic than amalgam , Super EBA 
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and IRM (Torabinejad et al., 1995e ). A later study, utilising mouse fibroblasts, investigated the 
effects of MT A, IRM, Retroplast® and amalgam, on cell growth, cell morphology and cytokine 
production. The authors found that all the materials inhibited the cell growth of mouse 
fibroblasts and macrophages, but overall , the total cell number was greater in the MT A group 
than in the other groups. No cytokine production was found in any of the materials, but the 
incubation time was only 24h, which could be short for root-end filling materials, according to 
the authors (Haglund et al., 2003). A recent study used three fibroblastic cell lines to evaluate the 
antiproliferative effect of MTA, IRM and a glass-ionomer (Fuji II) by means of a 
sulforhodamine-B assay. The results obtained showed that IRM was the most toxic material, and 
its toxicity increased as the incubation period increased up to 48h. MTA showed only little 
toxicity and Fuji-II showed a higher antiproliferative effect than MTA (Koulaouzidou et al., 
2005). Souza et al. compared the cytotoxicity of amalgam , glass-ionomer, Super-EBA , N-
Rickert, MT A and gutta-percha. They used hamster lung fibroblasts for nucleic acid content 
assay, neutral red uptake assay and MTT reduction assay. Murine granulocyte-macrophage 
progenitor cells where used for assays for growth and differentiation of haematopoietic 
progenitors. The results of the assays showed that the extracts of all materials were cytotoxic. 
MT A was found to be the least toxic material (Souza et al., 2006). Another study using mouse 
fibroblasts evaluated the effect of ProRoot® MT A mixed with either water or chlorhexidine on 
apoptosis and cell cycle of fibroblasts and macrophages. The results showed that when MT A is 
mixed with sterile water, it is not cytotoxic to macrophages and fibroblasts, in either the fresh or 
set groups. There was no statistical difference in the proportion of cells in each phase of the cell 
cycle when comparing MT A, mixed with water , and untreated controls (Hernandez et al., 2005). 
Asrari and Lobner, in 2003 , evaluated the neurotoxicity in murine cerebral cortical cell cultures 
of MTA , amalgam , Super EBA and Diaket. In this study, the cells were not in direct contact with 
the materials. The results of the lactate dehydrogenase assay, which is released when cells are 
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damaged or destroyed , showed that all the materials were highly toxic , except MT A (Asrari and 
Lobner , 2003). Since neurons are highly sensitive to toxic leachables , this study demonstrates 
that MTA is not a cytotoxic material. 
In another study using SEM examination , the authors compared the attachment of rat bone 
marrow cells on ProRoot MT A, and IRM when allowed to grow for 3 days. They also analysed 
the alkaline phosphatase activity and the expression of type I collagen and bone-related proteins 
mRNAs. The SEM observation showed that the cells were able to attach to MT A and had a 
flattened appearance. In the IRM group, no living cells were seen. The alkaline phosphatase 
activity assay showed that the alkaline phosphatase activity increased in all groups and in the 
same manner. In this study, they found lower levels of type I collagen, but increased levels of 
bone-related proteins mRNAs , when compared to the control groups. This would suggest that 
MTA has a low toxicity , but could suppress the differentiation of osteoblast-like cells 
(Nakayama et al., 2005). Unfortunatel y, this study was conducted for a 3 days period , which 
could be short for the cells to enter the differentiation phase. A previous study used the reverse 
transcriptase polymerase chain reaction to assess type I collagen, alkaline phosphatase , 
osteocalcin and bone sialoprotein levels when murine cementoblastic cells were grown on MT A, 
IRM and amalgam for 7 and 12 days. In contrast to the previous study, the authors found that 
the cells grown on MT A and on the control group were able to express RNA for all genes 
investigated. Osteocalcin production was also detectable on the 7 and 12 days MT A and control 
samples (Thomson et al., 2003). In this study, MT A was found to be cementoconductive. 
Another study used mouse odontoblast-like cells and undifferentiated pulp cells to evaluate the 
effect of white ProRoot® MT A on dental pulp cell viability and proliferation . The results 
showed that MTA did not induce apoptosis of the cells. The cell cycle analysis performed 
demonstrated that the cells exposed to MT A were more in the S phase and the G2 phase of cell 
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cycle. This shows that MT A has the potential for inducing proliferation of odontoblast cells, a 
very important feature for pulp capping procedures (Moghaddame-Jafari et al., 2005). 
Various in vitro studies evaluated the cytotoxicity of root-end filling materials. The greatest 
difficulty encountered was to create a model that is as close as possible as it would be in the 
human mouth . Therefore , many cell lines have been utilised. Fibroblast cells are routinely 
cultured and the results are easily reproducible. In one study, the authors evaluated the 
cytotoxicity of root-end filling materials by comparing amalgam, gallium GF2, Ketac silver, 
MTA, Super-EBA , and All-Bond-2. They used an in vitro cell culture model of human gingival 
fibroblasts and L-929 cells. Unfortunately , in this study, the cells were not in direct contact with 
the materials and were grown in the membrane interface between the materials and the wells of a 
24-well plate. The results showed that cell proliferation was significantly impaired in the 
presence of Gallium GF2, Super-EBA , and Ketac Silver. MT A showed a tendency to enhance 
enzyme activity (Osorio et al., 1998). Pistorius et al. conducted a study to see the reactions of 
cells in contact with MT A, amalgam , and a chemically inert titanium alloy. Their results showed 
that MT A and Titanium had little effect on protein synthesis , and the proliferation rate was the 
same as the controls . On the other hand , amalgam significantly decreased protein synthesis and 
there was a considerable reduction of the proliferation rate of the cells (Pistorius et al., 2003). 
Another study used human periodontal ligament fibroblasts to compare the cytotoxicity of MT A 
to Super-EBA and amalgam. They evalutated fresh and set (24h) samples for each materials. The 
cells were seeded in tissue culture plates and aliquots containing the test materials in different 
concentrations replaced the culture medium for 24h. A cell viability assay for mitochondrial 
dehydrogenase activity was done and the results showed that MTA was less cytotoxic than 
amalgam and Super-EBA. Also, set MT A in high concentration was less cytotoxic after 24h 
(Keiser et al., 2000). Balto , in 2004 , evaluated with a scanning electron microscope , the 
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attachment and morphological behavior of human periodontal ligament fibroblasts to MT A when 
used as a root-end filling material. The MTA was evaluated in the fresh and 24h set state. The 
method used root slices containing the materials , cells were seeded and allowed to attach for 4, 
8, and 24h. The results show that the cells attached better on set MT A. The cells of the fresh 
samples , at all observation periods , showed a rough surface with vacuoles and blebs (Balto, 
2004). Other studies compared the attachment of gingival and periodontal ligament fibroblasts to 
different root-end filling materials. In one study , the authors used Geristore® , ProRoot™ MTA, 
Super-EBA and amalgam as root-end filling materials. The results obtained showed that gingival 
fibroblasts attach better to Geristore® over a 72h period than to the other materials. Periodontal 
ligament fibroblasts attached better to Geri store® over the same period of time. However at 24h, 
there was a greater attachment of the fibroblasts to ProRoot™ MTA than to amalgam or Super-
EBA (Camp et al., 2003). Another study used the same types of cells to observe the effects of 
different root-end filling materials. The tests were aimed at observing cell survival, proliferation 
rate , fibroblast differentiation and alkaline phosphatase activity. The authors found that the 
proliferation rate was higher on MT A with periodontal ligament fibroblasts than with gingival 
fibroblasts. Also , the released alkaline phosphatase , when cells were in contact with MT A, was 
higher with PDL fibroblasts than with gingival fibroblasts. In this study, MT A was the only 
product capable of inducing significant levels of alkaline phosphatase activity (Bonson et al., 
2004). This study shows that MTA would be a better material to use as a perforation repair or 
root-end filling material when it is in contact with PDL fibroblasts than as a supra-osseous 
perforation repair material where a material like Geristore® would be indicated. 
In other studies aiming at studying the biocompatibility of MT A, osteoblast cells were used. 
Because of the difficulty of growing human osteoblast cells, most of the studies used cell 
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lineages. In a study by Koh et al., in 1997, the authors evaluated the release of cytokines by MG-
63 osteoblast-like cells and the cell morphology when placed in contact with MTA. Their results 
showed that MT A was capable of increasing osteocalcin production by the cells, and there was 
an increased level of IL-I a, IL-Ip, and IL-6 after 144h. In this study, no alkaline phosphatase 
release was detected. In regards of cell morphology , the cells appeared as fibroblast-type cells , 
which is the morphology classically observed when cells are grown in normal conditions (Koh et 
al., 1997). A later study by the same authors investigated cytokine production and 
cytomorphology of MG-63 cells when grown in the presence of MT A and IRM. The scanning 
microscopy observation showed rounded and sparse cells in contact with IRM while the cells 
appeared flat when grown over MT A. The results of the ELISA assays for cytokine analysis 
revealed that the levels of IL- I a , IL-Ip , and IL-6 were raised when the cells were grown over 
MTA at 72h, and the values stayed high for the whole observation period of 7 days (Koh et al. , 
1998). Another study used the same cell line to observe the cytomorphology and assay IL- I a , 
IL-6, IL-8, IL-11 and M-CSF expression when the cells were grown over 3 variants of MT A and 
Interpore 200® , Biogran® , dental plaster and two Dycal® pastes. The MTA variants were 
similar in chemical composition but the particle size was reduced and metal oxides added. 
Biogran is a bioactive glass and Interpore 200 consists essentially of pure Hydroxiapatite with 
small amounts of tricalcium phosphate. Dycal consists of calcium disalicylate. The results 
showed that there was good cell growth over Interpore 200, Biogran, and all three variants of 
MT A. The ELISA assay showed no IL- I a and no IL-11 production with any material. IL-6 was 
only expressed when cells were grown on MT A and Interpore 200. IL-8 was only expressed with 
MTA (Mitchell et al. , 1999). Huang et al. , in 2005 , evaluated the effects of calcium hydroxide , 
Super-EBA , and MT A on cell viability and inflammatory cytokine expression of human 
osteosarcoma cells (U2OS). They found increased IL-4 and IL- IO levels with MT A whereas the 
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expression of IL-2 was similar for all materials. Cellular proliferation decreased for all the 
materials except MT A, where cell density and number increased during the 3-day incubation 
period (Huang et al., 2005) . These studies demonstrate that MT A is capable of inducing cytokine 
release by osteoblas-like cells. Cytokines are a group of communication molecules involved in 
bone remodeling. They can activate osteoclasts , particularly IL-6. Since MT A was found to 
increase the expression of IL-6 and IL-8 , it could stimulate bone turnover and promote healing 
(Mitchell et al., 1999). In two studies , it was shown that MT A increased the levels of IL- I a and 
IL- I~. These cytokines are inflammatory and, at high levels, they promote bone resorption and 
prevent remodeling. In these studies , the levels found were very low and do not impair the 
biocompatibility of MT A. Also , IL-IO is known to inhibit IL-I production and was found to be 
released by osteoblast-like cells (Huang et al., 2005) . In this study, MTA was found to be less 
cytotoxic to bone cells than Super-EBA , another widely accepted root-end filling material. 
Other studies examined the morphology of osteoblast-like cells when placed in contact with 
MTA to assess its biocompatibility. Zhu et al. in 2000 , evaluated the adhesion of human Saos-2 
osteoblast-like cells to MTA , IRM, composite and amalgam. Cytomorphological examination 
after 24h incubation showed that the cells attached and were able to spread over the composite 
resin material and MT A. However , the cells had a poor adhesion on amalgam and were not able 
to spread. The cells were not able to grow on the IRM samples and appeared rounded (Zhu et al., 
2000). In another study , the authors used grey and white MTA cured for I to 28 days and seeded 
Saos-2 cells for 1,5 and 7 days. After observation under a scanning electron microscope at these 
different time frames , the authors found that at 5 days, a cell monolayer was visible over both 
MT A materials. At 7 days , they could observe that the cells grown on the grey MT A reached 
confluence while there were fewer visible cells exhibiting a flat morpholog y on the white MT A 
(Camilleri et al., 2004). Both materials were then found to be biocompatible. In a later study by 
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the same authors , they evaluated the biocompatibility of white and grey Portland cement with 
that of white and grey MT A using a direct test method with Alamar Blue dye and an indirect test 
method with a methyltetrazolium assay (MTT). They used osteosarcoma cell lines that were 
placed in culture with the test materials for up to 21 days. They found that cell growth was poor 
when the cells were placed in direct contact with the materials. However , the calcium hydroxide 
released during the hydration reaction was able to induce cellular proliferation. There was no 
difference between the white and grey MTA in this study (Camilleri et al., 2005). The results of 
this study are contradictory to the ones obtained by Pelliccionni et al., in 2004. In their study, the 
authors investigated the cytotoxicity of different root-end filling materials. They used Saos-2 
cells and MG-63 cells and allowed them to grow for 24 and 72h in direct contact with the 
materials. The cells were tested with MTT , neutral red and Alamar blue staining to assess cell 
viability or activation. The results showed that after 24h, the cells on MTA showed the highest 
viability. After 24 and 72h, the number of cells grown on the surface of MT A were approaching 
the number of cells in the control group (Pelliccioni et al., 2004). Furthermore , Huang et al. 
investigated the activity of extracellular regulated kinases (ERKs) 1 and 2, released by an 
osteosarcoma cell line when cultured over MT A extracts. ERKs are a member of the mi to gen 
activated protein kinase pathway , which consist of signaling molecules implicated in cell growth , 
division , differentiation and death. The results of the W estem blot analysis showed that there 
was a strong ERK kinase activity when the concentration of the MT A extracts increased. MT A 
then could have a mitogenic activity , which needs to be further investigated (Huang et al., 2003). 
B) Periradicular tissue reactions 
Since in vivo studies are more difficult to realize experimentall y and involve reduced sample 
sizes, fewer studies have evaluated periradicular tissue responses to MTA. Torabinejad et al., in 
1995, investigated the response of periradicular tissues of dogs to amalgam and MT A when used 
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as root-end filling materials. They used the 3rd and 4th premolars of six beagle dogs with 
induced periradicular lesions and performed root resections and filling with either MT A or 
amalgam. Three animals were killed 2-5 weeks postsurgery and 3 were killed 10-18 weeks 
postsurgery. Mandibular sections were done and stained with hematoxylin and eosin and 
histological examination was performed. The results showed that the periradicular tissues of all 
roots with amalgam had moderate-to-severe inflammation and only one third of the roots filled 
with MT A had moderate inflammation. They also found, with MT A, cementum formation in 1 
of 11 samples in the 2-5 weeks time period and in 10 out of 10 samples in the 10-18 weeks time 
period. No cementum formation was observed over the amalgam samples. MTA could therefore 
activate cementum formation and promote tissue healing (Torabinejad et al., 1995b ). In a later 
study by the same authors , they examined the response of periradicular tissues of monkeys to 
MT A and amalgam when there was no bacterial contamination of the root canals. They found no 
periradicular inflammation adjacent to five out of six root ends filled with MTA, whereas all the 
root ends filled with amalgam showed moderate to severe inflammation. Also, five out of six 
root ends filled with MT A had a complete layer of cementum over the filling. In the amalgam 
group , no cementum formation was observed (Torabinejad et al., 1997). This study is in 
agreement with the first one that MT A has the ability to stimulate cementoblast cells. Baeck et 
al. compared the periapical tissue response of dogs and cementum regeneration in contact with 
amalgam , Super EBA and MT A using the undecalcified ground section technique. They found 
that the specimens filled with MT A had the least amount of inflammatory cells , and amalgam the 
highest. A cementum-like material consisting of newly deposited cementum and a crystalline-
like structure were observed over MT A in 7 out of 9 samples. Thick fibrous capsules were 
present over most amalgam and SuperEBA samples (Baek et al., 2005). In another study 
comparing the potential for MT A and Diaket , a polyvinyl resin to promote periradicular tissue 
regeneration when used as surgical root-end filling materials on dogs , the authors found that 
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there was cementum formation over both materials, but the amount of covering was variable and 
unpredictable (Regan et al. , 2002). These studies show that MT A is more biocompatible than 
amalgam and SuperEBA. It can promote hard tissue formation although total covering of the 
material remains unpredictable. 
Economides et al. did a study that evaluated the short-term response of periradicular tissues to 
MT A when used as a root-end filling material in ideal tissue conditions. Root canals were done 
on premolar teeth of 2 healthy dogs and then root-end resections where performed and obturated 
with MT A. The animals were killed at 1, 2, 3 and 5 weeks, sections of the jaws were done and 
stained with hematoxylin and eosin for obsevation under light microscopy. The results showed 
again that there was presence of soft tissue over MT A in all observation periods. They also 
observed thin layers of hard tissue over MT A at 2, 3 and 5 weeks period. This hard tissue 
consisted of well-organized crystal deposits. Unlike the previous studies, they found 
inflammatory cells , predominantly macrophages and lymphocytes , in four specimens filled with 
MTA at all observation periods , but the inflammation was moderate-to-severe in only one 
specimen at 3 weeks observation period (Economides et al., 2003). This study shows that even if 
MT A creates mild inflammation , this does not impair its potential for bone regeneration. When 
comparing MT A with other materials , we could see that it creates less inflammatory reactions 
than amalgam or SuperEBA (Baek et al. , 2005). 
Two studies evaluated in vivo the hard tissue formation during apexification procedures. The 
first study was done on dog teeth in order to compare the efficacy of Osteogenic Protein- I , 
calcium hydroxide and MTA for root-end induction. The results showed that 93% of the teeth 
treated with MT A had apical closure , whereas only 38,5% of the teeth treated with both calcium 
hydroxide and OP- I had apical closure. The MT A group exhibited less inflammatory cells than 
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the other groups (Shabahang et al. , 1999). This is in agreement with the previous studies on the 
inflammation potential of MT A discussed earlier. Another study using the apexification 
procedure was performed on the monkey. The authors obturated the previously infected teeth of 
five young healthy monkeys with either calcium hydroxide or MT A. After 90 days , the animals 
were sacrificed and sections were made and stained for microscopic evaluation, and also for 
evaluation of monoclonal antibodies to BMP-2. The histological examination demonstrated that 
there was again more inflammation with the calcium hydroxide group and the no treatment 
group than the MT A group. Also , hard tissue formation was highest in the MT A group. The 
immunohistochemistry results showed that the odontoblasts in the MT A group expressed the 
least BMP-2 , which is a growth factor that has the ability to induce hard tissue formation. They 
also found that BMP-2 levels were elevated in the presence of inflammation , therefore , the 
authors suggested that caution should be taken when interpreting data where growth factors 
associated with wound healing are elevated (Ham et al. , 2005). 
One study compared the hard-tissue healing adjacent to fresh or set MT A as root end filling 
material in dogs. They noted cementum formation over MT A in 8 of 12 set MT A samples and in 
all freshly placed MT A samples. The nature of the cementum was more uniform in thickness in 
the set MT A group than in the fresh MT A group. In four of the set MT A samples , a fibrous 
capsule surrounded the MTA (Apaydin et al. , 2004). This study shows that both set and fresh 
MT A are biocompatible , and again , further studies would be needed to evaluate the exact nature 
of the hard tissue formed over MT A and perhaps , this would help in gaining more predictable 
results. 
C) Subcutaneous and intraosseous implantation 
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Subcutaneous and intraosseous implantations are two techniques used to assess the 
biocompatibility of a biomaterial. The intraosseous technique has the advantage of preventing 
dislodgement of the material , but is more time-consuming and difficult than the subcutaneous 
implantation. A study investigated the bone tissue reaction to implanted Super-EBA and MTA 
in the mandible of guinea pigs. The authors implanted teflon tubes filled with the two materials 
for two months in the mandible of guinea pigs. The animals were sacrificed , their mandibles 
dissected and serial sections were stained with hematoxylin and eosin dye for SEM observation. 
They found that MTA produced less inflammation than Super-EBA , and one tube filled with 
MTA were surrounded by bone instead of connective tissue (Torabinejad et al. , 1995c). This 
study proved that both materials were biocompatible , but MT A could promote osteoconduction. 
A later study examined the tissue reaction to implanted root-end filling materials in the tibia and 
mandible of guinea pigs. They used the same materials and protocol of the first study but used 
two implant sites. After 80 days, the animals were sacrificed and sections were made and 
stained. Hard tissue was observed with MT A in 5 of 11 specimens in the tibia and 1 out of 10 
specimens in the mandible. The amalgam group showed hard tissue formation only in 1 tibia 
specimen and 1 mandibular specimen. IRM and Super-EBA specimens only showed soft tissue 
formation (Torabinejad et al. , 1997). This study supports the previous results that MTA is a 
biocompatible material and has osteoconductive properties. Sousa et al., in 2004 , used an 
intraosseous implant technique on guinea pig mandible to compare the biocompatibility of MT A, 
Z-100 light cured composite resin and zinc oxide eugenol. They observed the tissue reactions at 
4 and 12 weeks and found that zinc oxide eugenol created the most severe inflammatory 
reaction , and MT A the least severe inflammatory reaction. At 4 weeks , hard tissue formation 
was observed in close proximity to the MT A and Z-100 specimens. At 12 weeks, all the 
materials showed biocompatible characteristics (Sousa et al. , 2004). 
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Another study observed tissue reactions after subcutaneous and intraosseous implantation of 
mineral trioxide aggregate and ethoxybenzoic acid cement (EBA) in rats. The observation period 
was 15, 30 and 60 days. The findings were that subcutaneous implantation of MTA provoked an 
initial severe inflammatory reaction that subsided over time, and this reaction was less severe 
when MT A was implanted in bone. The same results were observed with implantation of EBA, 
but the initial inflammatory reaction was mostly moderate. An important finding in this study is 
that none of the materials could induce osteogenesis when implanted subcutaneously, but 
osteogenesis was observed surrounding the intraosseous specimens. MT A and EBA were found 
to be osteoconductive, but not osteoinductive, which is the capacity to induce bone production 
by cell differentiation, in areas where bone is not normally present (Moretton et al., 2000). In 
another study, the authors induced connective tissue reactions in rats by placing subcutaneous 
polyethylene tube implants containing either MTA or amalgam. MT A and amalgam created 
more inflammatory reactions than the control group, and the inflammation subsided after 90 
days. Dystrophic calcifications were observed on the MT A specimens after 30 days, suggesting 
that MTA could have some osteoinduction properties (Yaltirik et al., 2004). 
Clinical usage of MT A 
1) Pulp Capping 
Direct pulp capping involves the application of a dental material to the exposed pulp in order to 
try and preserve the vitality of the tooth. The procedure has been proposed for carious, 
mechanical and traumatic exposures. However , the success rate is greater when a mechanical 
exposure is done because there is less bacterial leakage. Cvek has reported that pulp capping and 
partial pulpotomy with calcium hydroxide on traumatically exposed permanent pulps are 
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successful 96% of the time (Cohen , 2006). A study by Pitt Ford et al (1996) , evaluated the dental 
pulp response in monkeys to mineral trioxide aggregate and calcium hydroxide when used as 
pulp-capping materials. They exposed the pulp of 12 teeth witch were then capped with MT A or 
calcium hydroxide for 5 months. They observed that only one tooth capped with MT A had 
inflammation , and that all six pulps in the MT A group had a complete dentin bridge. In the 
calcium hydroxide group , all the pulps had inflammation and only two samples had a dentin 
bridge formation (Pitt Ford, 1996). Tziafas et al exposed thirty-three teeth from three dogs and 
the pulps were capped with ProRoot MTA (Dentsply). Pulpal tissue reactions were observed by 
light and electron microscopy at 1, 2 or 3 weeks . At the end of the 3 weeks period , they found 
two-layered hard tissue barriers in contact with vital pulp in six out of seven specimens. The 
barriers were composed of irregular layer of osteodentine and a pulpally tubular dentine-like 
matrix (Tziafas et al., 2002). The dentinogenic effect of MT A and its negligible solubility which 
prevents microleakage makes it an effective pulp-capping material. 
2) Perforation repair 
Perforation often results from misorientation or when searching for a canal. All perforations 
affect the prognosis of the treatment , and in the past teeth were extracted. The level of the 
perforation is important and can appear at the apical portion of the root, lateral or midroot , and 
coronal third of the root. An apical perforation is also called zipping and happens when the 
apical foramen is overinstrumented or when a new apex is created at the apical portion of the 
root. Fresh hemorrhage can be seen in the canal or on the instruments , the patient feels pain in a 
previousl y asymptomatic tooth , and the apical stop is lost. Midroot perforations usually follow 
the creation of a ledge inside a curved canal while shaping it. Success depends partially on the 
remaining amount of undebrided and unobturated canal. Teeth with perforations close to the 
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apex when the debridement is almost completed have better prognosis. Coronal perforations 
have the poorest long-term prognosis , mostly when there is a stripping perforation in the coronal 
third of the root because these types of defects are inaccessible for adequate repair. Furcation 
perforations tend to create a periodontal pocket if not properly treated. Perforations no greater 
than 1 mm are easier to repair and have better outcome than large perforations. Time is crucial , 
and in order to maximize the prognosis of the tooth , early recognition and repair should be 
attempted. Many dental materials have been used in the past. Lee et al. compared the sealing 
ability of amalgam , IRM and mineral trioxide aggregate on fifty sound, extracted mandibular 
and maxillary molars. A perforation was created and obturated with different materials , and the 
teeth were placed in liquid for 4 weeks and then stained with methylene dye. The results showed 
minimal dye penetration between the MT A and the dentinal walls. MT A showed significantly 
less leakage of the dye than IRM or amalgam (Lee et al., 1993). Main et al. evaluated the success 
rate of root perforations repairs using MT A. In a list of all the perforation repairs with MT A at 
Loma Linda University endodontic residency program , sixteen cases were evaluated under 
specific criterias. All the cases demonstrated normal tissue regeneration adjacent to the repair 
site (Main et al., 2004). Arens and Torabinejad reported two cases in which furcal perforations 
were treated using MT A. Both cases showed almost complete resolution of the radiographic 
lesions. Even if the material extruded in the furcations , both cases remained asymptomatic , 
indicating that MT A is biocompatible and has superior sealing ability when compared with other 
materials (Arens and Torabinejad , 1996). 
3) Retrograde filling material 
In endodontics , the surgical approach is indicated only when nonsurgical retreatment is not 
possible or will not correct the problem. A full-thickness flap is performed with mucogingival or 
sulcular incisions , and the flap is elevated. The flap is retracted and the osteotomy is made over 
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the apices . The ideal diameter of an osteotomy should be 4-5mm. Once the lesion and the root 
tips are exposed , the granulomatous soft tissue must be removed by curettage. Apical resection is 
performed only when all granulation tissue is eliminated from the bone crypt. The apicoectomy 
is performed perpendicular to the long axis of the root , and 3mm of root tips are eliminated. 
Only when 3mm of the apex is resected are lateral canals reduced by 93%. Additional resection 
is of insignificant value and would compromise a good crown/root ratio. It is important to clean 
and dry the cavity and microinspection is important to assure that no debris are left in the cavity. 
The apical preparation in made with ultrasonic instruments , they offer precise conservative 
preparations at a 3mm depth. The gutta percha is removed with these instruments and a 
retrofilling material is inserted in the cavity. The flap is then repositioned and properly sutured. 
Bioactive Glasses 
Surface active glasses were first discovered in the early 1970s. Glass-ceramics are made by 
thermall y treating a glass in a manner which produces a polycr ystalline microstructure in which 
the crystals are randomly oriented. The volume fraction and size of these crystals are controlled 
by a two-step thermal treatment. The first step consists of a nucleation treatment at a temperature 
around 500-700°C. This causes small regions of crystalline order to form randomly in the glass 
structure. The second step is done under temperatures around 600-1000 °C and consists of the 
crystal growth treatment. The size and volume of the glass depends on how long it is left in the 
crystal growth step (Hench , 1971 ). Bioactive glasses consist of less than 60 mole percent of 
Si 0 2, high Na 20 content and high molar ratio of CaO to P20 5. This specific composition creates 
a strong adhesive bond to bone and to soft connective tissues (Hench et al., 2004). This chemical 
bond is enhanced because these biomaterials have a controlled surface reactivity. Part of the 
material undergoes dissolution , releasing ionic byproducts , and then the material self-passi vates. 
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It has been shown that there is development of a biologically reactive hydroxlapatite and silica 
rich layer on the glass surface , and this layer is critical in the formation of the bond (Hench , 
1980). Initially, this layer is amorphous and consists of Ca-P ions , but then it crystallizes in 7 to 
10 days. Collagen fibers have been shown to become structurally integrated within the apatite 
agglomerates. Furthermore, there is an amorphous zone 80 to 100 run thick, which consists of 
mucopolysaccharides and glycoproteins , between the collagen and the material (Hench and 
Wilson , 1984). Another advantage of Bioglass powders is their low toxicity. In a study on rat 
macrophage cells, Bioglass powders produced 2-5% toxicity in replicate experiments (Wilson, 
1981). 
The most studied formulation of bioglass is the 45S5. When placed in physiological conditions , 
its dissolution creates a surface rich in silica and calcium. It was also found that the surface layer 
consisted of crystallites of hydroxycarbonate-apatite. One of the first studies used a rat femur 
model. Ceramic implants were placed into cortical defect in rat femurs for a period of 6 weeks , 
then the animals were sacrificed and sections were done and observed under an electron 
scanmng microscope. The findings showed an intimate bonding between the 45S5.0A and 
45S5.0B glass-ceramics and bone. There was evidence of partially ossified osteoid between the 
bone and the ceramic. The authors also injected tetracycline 3 days prior to sacrifice and found 
that the tetracycline was concentrated around the implants , also an indication that there was 
newly formed bone in this area (Hench , 1971 ). A study evaluated cell morphology , proliferation 
and retention of the functional capacity of MG63 cells when grown on 45S5 bioactive glass, 
titanium , CoCr and polystyrene. No difference was observed in the cell morphology between 
Bioglass , titanium and polystyrene , but fewer cells were seen on CoCr. However, Bioglass and 
Titanium showed higher levels of cell proliferation when compared to the other surfaces (Price et 
al., 1997). Another study aimed at evaluating the proliferation rate of human osteoblast cells 
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when grown with ionic products of 45S5 dissolution. When allowed to grow for four days with 
these products , there was an increase in the proliferation to 155% of the control. There was also 
an increase in the levels of IGF-II compared to the control , a potential stimulator for the 
proliferation of osteoblasts (Xynos et al., 2000). A later in vitro study examined the effects of 
45S5 , 45S5 granules coated with enamel matrix proteins (Emdogain®) and 60S when placed in 
contact mouse preosteoblastic cells. The results showed that 45S5 and Emdogain® were able to 
enhance the release of bone sialoprotein and osteocalcin when compared with 60S. These 
materials are then able to promote osteoblast differentiation (Hattar et al., 2005). Another study 
evaluated the ability of 45S , 58S and 77S to induce osteogenic differentiation and cell 
mineralization. Rat bone marrow cells were allowed to grow on the materials for 3 weeks and 
then tested for alkaline phosphatase levels , and calcein staining to assess mineralization. The 
results obtained showed that 45S and 77S increased the release of alkaline phosphatase by the 
cells. There also was more calcium accumulation when the cells were in contact with these two 
materials. This is in agreement with the previous studies that 45S5 provides a favourable 
environment for osteoblasts to proliferate and differentiate (Bosetti and Cannas , 2005). 
Effect of bioactive glasses on bone 
Various studies aimed at demonstrating the effect of bioactive glasses on the function of 
osteoblasts. An In vitro study examined the reactions of osteoblasts derived from embryo rat 
calvaria when grown on different bioglass substrates. The cells were able to spread and divide 
at time intervals up to 30 days in culture (Wilson , 1981 ). Ohgushi et al., in 1996, investigated the 
effect of bioactive glass ceramics on the osteogenic differentiation of rat bone marrow cells. The 
cells were seeded on apatite-wollastonite glass ceramic (AW ceramics) plates and were allowed 
to grow for 2 weeks. Alkaline phosphatase activity was measured and surface analysis performed 
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by scannmg electron microscopy and X-ray diffraction analysis. The results showed higher 
alkaline phosphatase stain and enzyme activity on AW ceramics when compared with control 
cultures (Ohgushi et al., 1996). Another in vitro study measured cell proliferation rate and the 
levels of alkaline phosphatase activity of MC3T3-El cells when cultured on different surface 
treated bioglasses. They observed that alkaline phosphatase activity was dependent on the degree 
of crystallinity of the calcium phosphate layer formed on the glass surface . When the surface was 
conditioned for 180h, alkaline phosphatase activity was optimal. In this group, cell proliferation 
increased in a linear fashion for 4-7 days , and decreased afterwards (El-Ghannam et al., 1997). 
Bioactive glasses and silicon 
Bioactive glasses have the propert y to release soluble silicon when exposed to biological fluids , 
a result of ionic exchange with hydrogen. Since silicon as been shown to promote mesenchymal 
cell differentiation and bone formation , it is an important feature of bioglass (Carlisle , 1982). In 
a study by Bosetti et al., the authors examined the pH variation , alkaline phosphatase levels and 
collagen type I synthesis of osteoblast-like cells when placed in contact with bioglasses 
containing different amounts of silica. They tested 45S5 (46,1% SiO2) , 58S (60% SiO2) and 77S 
(80% SiO2) sol-gel bioglass. The osteoblast cells were obtained by enzymatic digestion of 
human trabecular bone , and then incubated for 2,4 ,8 and 16 days with the material powder. The 
alkaline phosphatase level was increased over time for all materials tested , and 45S5 exhibited 
significantly higher levels at days 2,4 and 8. The pH was more alkaline when 45S5 was placed in 
the culture medium . The other materials did not show significant pH vaiations. Finally , the 
bioactive glasses increased the collagen secretion , and the release was maximum after four days. 
This study shows that the 45S5 is the highest osteoblast chemoattractor , and it has the capacity to 
enhance alkalization , important for maximum silicon release (Bosetti et al., 2003). Valerio et al. 
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observed the effect of ionic products from Bioglass 60S and a biphasic calcium phosphate 
dissolution on osteoblast cells in vitro. They analyzed cell viability , nitric oxide production , 
collagen secretion , alkaline phosphatase activity and cellular morphology of rat calvaria 
osteoblasts. They found that when grown in the presence of BG60S for 72h, osteoblast 
proliferation was 35% higher when compared with the other groups. When observed under the 
inverted light microscope , the cells showed numerous cytoplasmic vacuoles when grown with 
BG60S. These vacuoles were related to the high silica content and showed a percentage of 
silicon 75% higher than at the outside of the cells. Collagen production was also elevated , but in 
this study, alkaline phosphatase levels were similar among the groups. This study shows that 
silicon released by the dissolution of bioglass 60S has the capacity to increase cellular 
proliferation. The accumulation of silicon inside the vacuoles did not induce cellular apoptosis 
(Valerio et al., 2004). In an in vivo study, Chou et al. evaluated the release of osteocalcin and 
alkaline phosphatase activity by osteoblast cells when in contact with bioactive materials. The 
authors placed endosteal implants made of Sol-gel Bioglass®, PerioGlass® and hydroxyapatite 
in the tibial condyles of 24 rabbits for a period of 8 weeks. Sol-gel Bioglass® was able to 
significantly increase the levels of osteocalcin released when compared with Perio-Glass® , 
hydroxyapatite and surgery alone. Since this product had the highest levels of silicon, it is likely, 
according to the authors , that silicon would be able to increase osteocalcin expression by 
osteoblast cells. Furthermore , when sections were stained with hematoxylin and eosin and 
observed under the microscope , at 8 weeks , the sites where Sol-gel Bioglass was implanted 
showed complete replacement of the material by dense compact bone (Chou , 1998). 
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Chapter 4 
MATERIALS AND METHODS 
Materials: 
I. Mineral trioxide aggregate : 
Three types of mineral trioxide aggregate were used in this study. A gray MTA was made by 
mixing 75% of Portland cement , 20% Bismuth oxide and 5% Gypsum. These compounds 
were allowed to tumble for 24 hours before being used. 
II. Cell culture medium: 
Penicillin-Streptomycin Gibco® 15140-122 
Fungizone / Amphotericin B Gibco® 15290-018 
Dulbecco ' s Modified Eagle Medium Gibco® 11965-084 
Fetal Bovine Serum Gibco® 16000-069 
F-12 Nutrient mixture w/Glut Gibco® 11765-047 
III. Other materials: 
Trypsin 0.25% liquid Gibco® 15050-057 
Hexamethyldisilazane Sigma H4875 
1,25 Dihydroxycalciferol Vitamin D3 1 0µg Sigma D1530 
2-Methyl-1 ,4-naphtoquinone 98% Sigma-Aldrich M57405-5G 
Silver conductive paint SPI Supplies® 5002-AB 
Human osteocalcin IRMA Alpco 31-50-1000 
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Crystal Violet (ACS Reagent Dye content Sigma-Aldrich 229288-1 00G 
95%), N-hexamethylpararosaniline 
Ethyl alcohol USP Absolute-200 Proof Aaper Alcohol and 98L09QA 
Chemical Co. 
Charcoal treated FB S Cocalico 1730 
Biological 
Formalin solution 10% Sigma Diagnostics 018H3278 
L-Ascorbic acid Sigma-Aldrich l 15H02865 
Menadione (Vit K3; 2-methyl-1-4- Sigma-Aldrich 18H0300 
naphoquinone) 
Potassium Chloride (KCL) Fisher 942637 
Potassium Phosphate monobasic (KH2PO4) Fisher 004920 
Silicon Alfa Aesar B02Ll 1 
Sodium Chloride (NaCl) Fisher 942655 
Sodium Phosphate , dibasic , anhydrous Fisher 975648 
(Na2HPO4) 
Triton X-100 Sigma-Aldrich 34H260015 
Bioactive Inorganic Element BUGSDM 6 
Courtesy of Dr. Laisheng Chou 
IV. Equipment 
Disposable centrifuge tubes (14,5 mL) Fisher 05-539-2 
Weighing paper (pack of 500) Fisher Scientific 09-898-12B 
Weighing dishes (pack of 500) Fisher Scientific 02-202B 
5mL Disposable serological pipettes Fisher Scientific 13-678-1 lD 
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I 0mL Disposable serological pipettes Fisher Scientific 13-678-1 IE 
25mL Disposable serological pipettes Fisher Scientific 13-678-11 
Tissue culture flasks with canted necks , Fisher Scientific 353134 
Volume: 250mL. Case of 60. 
Cluster , TC 24 well , Sterile CS- I 00 Coming 3524 
Gram-AITC Balance E. Mettler Fisher Scientific 1-910 
BalanceMetler PM 480 Delta Range® PM480 
Balance Centric™ Fisher Scientific 225 
Centrifuge EASY Pure RF Compact ultrapure System Barnstead D7031 
water 
Dei onizerS pectral Liquid Scintillation Wallac Inc. 1219 
Counters 
Gamma Counter Precision Economy incubator Precision Scientific 5EM 




Germany Microscope Accumet Metro (Acco- Fisher Scientific 01375 
pHast TM Combination Electrodes) 
pH meter Gyrotopy® shaker New Brunswick 
Scientific Co. 




Falcon 75cm2 Flask Biosciences 353134 
Non-pyrogenic Touch mixer Fisher Scientific 231 
Falcon 12.5cm2 flask Biosciences 353107 
Tissue culture treated polystyrene sterile , non Fisher Scientific 211978 
pyrogenic Redi-Tip™ 100-lO00µL 
Sterilized pipette tips Redi-Tip ™ 1-200µL Fisher Scientific 02681457 
Centrifuge tubes Fisherbrand® Disposable Fisher Scientific 055396 
centrifuge tubes 50 mL 
Centrifuge tubes Cuvets 1.5 mL, Semimicro Fisher Scientific 14385942 
Cuvet replacement filters Fisher Scientific 1368118C 
Replacement filters for Pi pet-Aid Pasteur VWR 14672-412 
pipets , plugged 
Scanning Electron Microscope XL20 Philips Electronics 
Sputter coater Hummer II Anatech 
Leitz DMIL Inverted Microscope Zeiss 
Methods: 
Cell culture : 
The osteoblast cells came from bone chips of patients having surgical extractions at the Oral 
surgery clinic of the Goldman School of dental medicine , at Boston University. Consent 
forms were not necessary because the bone chips consisted of waste bone that would have 
been discarded anyhow. Specific criteria were observed according to previous studies done 
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in our laboratory. The patients had to be between 18 and 30 years old, and no older than 50. 
The patients did not take any medication prior to the extraction and they had to be exempted 
from any medical condition. The bone chips consisted of cortical bone and had to be at least 
5mm diameter in order to be cultured properly. The majority of the bone received came from 
the buccal plates of lower and upper molars. The bone chips were put into 15 mL sterile 
centrifuge tubes containing Phosphate Buffered Saline (PBS) solution and transported to the 
laboratory. 
In order to prevent cell damage, the time span allowed to process the bone was no longer than 
2 hours. The bone chips were put under the culture hood , and transferred into a sterile Petri 
dish containing fresh PBS . Using a scalpel with a #15 blade, the bone chips were cleaned 
thoroughly and all fibrous tissues were removed. The chips were then cut into small pieces of 
about 2mm diameter and put into 12,5 cm2 polystyrene tissue culture flasks, with 2 mL of 
culture medium in each flasks. They were then put in the incubator at 3 7°C, 5% CO2 and 
100% humidity. Culture medium consisted of 40% (180 mL) Dulbecco ' s Modified Eagle 
Medium (DMEM) (Gibco) , 40% (180 mL) F12 Nutrient Mixture (Gibco) , 10% Fetal Bovine 
serum (FBS) and 10% ( 45 mL) of 1 Ox Antibiotics for cell culture. The solutions of 1 Ox 
antibiotics for cell culture were made with 250 mL of DMEM , 60 mL of Penicillin G sodium 
( 10 OO0u/mL) - Streptomycin Sulfate (10 OOOu/mL) and 40mL of Fungazone. The antibiotic 
solution was separated into 50mL centrifuge tubes , each containing 45 mL of solution. For the 
culture medium , the solution was prepared in a 500 mL sterile bottle. The culture medium had 
to be changed every day for seven days, and then every 3 days until 80% confluency was 
obtained in the flasks. The flaks were periodically observed under an inverted light 
microscope for cellular growth. 
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When the osteoblasts were 80% confluent, they were transferred to 75cm2 tissue culture 
flasks. The explants were removed and discarded from the 12,5 cm2 flasks. The culture 
medium was then removed with a Pasteur pipette and 3mL of 0,25% trypsin solution was 
added in each flasks and allowed to set for 10 seconds. The trypsin was then removed and 3 
mL of new trypsin solution was added to the flasks, which were then incubated at 37°C, 5% 
CO2 and 100% humidity for 7 to 10 minutes. The flasks were observed for cell detachment. 
While the cells were incubating, 15 mL centrifuge tubes were prepared, each containing 7 mL 
of culture medium. Once the cells were in suspension in the flasks, they were transferred into 
the centrifuge tubes to obtain a total volume of 10 mL in each tube. The tubes were then 
centrifuged at 1500 rpm for 7 minutes. The supernatant in each tube was discarded and the 
cell pellet were resuspended with 10 mL of culture medium in each tube. The cell suspensions 
were transferred into 7 5 cm2 polystyrene tissue culture flasks containing 10 mL of culture 
medium to obtain a volume of 20 mL in each flask. The flasks were incubated at 3 7°C, I 00% 
humidity and 5% CO2 .The culture medium was changed the following day, and then every 3 
days until I 00% confluency was reached in the flasks. 
Substrate arrangement 
The cell cultures reached confluency after approximately 3 weeks. The day before our 
experiments, MT A and modified MT A were mixed with sterile water according to the 
manufacturers instructions. They were dispersed in five 24 well plates following the pattern 
explained in figure 1. A Teflon device which had the exact shape of a well was made in our 
laboratory in order to push the MT A into the wells and obtain a small disc of MT A in the 
bottom of each well. The MT A and modified MT A's were allowed to set in the incubator 
overnight at 3 7°C, I 00% humidity and 5% CO2• 
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Since we had 8 samples in our experiments, a total of 20 cell culture plates were necessary. 
The wells were separated in order to test 20% and 40% addition of BIE and Silicon to MT A. 
The two last columns were used as controls for both concentrations. The patients were 
separated in order to have two samples for five plates. The five plates served for our different 
timelines and tests: 3 plates for crystal violet (16h, 12 days and 20 days) and 2 plates for 
osteocalcin (12 days and 20 days). 
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Figure 1: Experimental arrangement of the substrates in a 24 well plate 
Cell seeding 
The day of the experiments , the plates were sterilized under a One Atmosphere Plasma Glow 
discharge device. They were opened under the biological hood and the cover and bottom of the 
plates were sterilized separately for 4 minutes each. All the plates were then placed under the 
54 
ultra-violet light of the biological hood for 4 hours. When the plates were ready for seeding, the 
culture medium was removed from the 75 cm 2 flasks and 10 mL of 0,25% trypsin solution was 
added for 10 seconds. The trypsin was then discarded and 15 mL of fresh trypsin was added in 
each flask. The flasks were then incubated for 7 to 10 minutes at 3 7°C, 5% CO2 and 100% 
humidity. The cells were often observed under the inverted light microscope to make sure that 
they were detaching and floating. During incubation, 7 ,5 mL of culture medium was put into two 
15 mL centrifuge tubes per flask. Once the cells were completely detached, 7,5 mL of cell 
suspension was transferred into each tube to obtain a total volume of 15 mL in each tube. The 
tubes were centrifuged for 7 minutes at 1500 rpm. The supernatant was removed from the tubes 
and the cells were resuspended with 10 mL of culture medium in each tubes. Then the tubes 
associated with the same flask were combined in a 50 mL centrifuge tube. Cell count was 
obtained with a hemocytometer and under the inverted light microscope in order to calculate the 
proliferation rate and for proper cell seeding. A 20 µL volume of cell suspension was transferred 
into the edge of the hemocytometer chamber. A glass coverslip allowed the solution to disperse 
under it and the mean of 4 hemocytometer squares was calculated with the 1 OX objective of the 
inverted light microscope. Cell concentrations were calculated by number of cells counted per 
volume counted in mL. 
Cells were seeded at 1,5 x 105 / mL into the plates and divided according to our previous 
experimental design. The cells were cultured for 16 hours, 12 days and 20 days. The time 
periods were chosen based on osteogenesis events. Cell proliferation usually peaks around 12 to 
18 days, and cell differentiation begins at 12 days. 
55 
Measurement of Cell Attachment efficiency 
After 16 hours of incubation, the culture medium was removed from the 16 hours designated 
plate and placed in 15 mL centrifuge tubes for further pH testing with a pH meter. The cells were 
rinsed twice with PBS and then lmL of 10% Formalin was added to each well under the 
chemical hood. The cells were fixed for 30 minutes. The formalin was then removed and the 
cells washed twice with lmL of deionized water. A solution of 0,2% Cristal Violet was added to 
stain the cells and 1 mL of this solution was transferred to each well. After 30 minutes, the 
Cristal Violet solution was removed. The wells were rinsed thouroughly with deionized water 
until the rinsate is clear. 500 µL of 1 % Triton X-100 was added to each well and the plate was 
placed on a shaker at 150 rpm at room temperature for 5 minutes. The Triton solution was 
removed and placed in an individual cuvet for each well and the process was repeated once more 
to reach a total volume of lmL of Triton solution in each cuvet. A spectrophotometer was used 
to measure the optical density of Cristal Violet at 590nm. The absorbance values were collected 
for each cuvet. The exact same procedure was used to measure the proliferation rate of the cells 
at 12 days and 20 days. 
Conversion Factor for Cristal Violet 
In order to relate the absorbance values obtained and the number of cells, a conversion factor for 
Cristal Violet had to be created. The remaining cells of one patient were seeded into a 24 well 
tissue culture plate. The cell number was decreased by half between each well. Culture medium 
was added in each well and the plate was incubated for 16 hours at 3 7°C, 100% humidity and 5% 
CO2. After the incubation time was over, the Cristal Violet experiment was done and the 
absorbance values were recorded under the spectrophotometer. Every absorbance value was 
correlated with the number of cells in each well and a standard curve was obtained. 
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Screening of Osteoblast phenotypic markers 
The osteoblast phenotype was evaluated at 12 days and 20 days using the alkaline phosphata se 
and osteocalcin tests. Before performing our experiment , the culture medium was removed at 
10 and 18 days of cell culture and 2 mL of differentiation medium was added to each well. 
1) Assay for osteocalcin 
A human osteocalcin immunoradiometric assay (IRMA) kit (Alpco diagnostics) was used. 
The kit consists of a two-site immunoradiometric assay for the measurement of both intact 
osteocalcin and its large N-terminal midregion fragment in serum or plasma. Two different 
polyclonal goat antibodies to human osteocalcin were used. The first antibody which 
recognizes the 20-36 region of the peptide was immobilized onto plastic beads to capture the 
osteocalcin molecules and the second antibody which recognizes the 1-19 region of the 
peptide was radiolabeled for detection. A volume of 10 µL was extracted from our samples , 
control and standard and then placed in labeled tubes . 200 µL of 1251 labeled human 
osteocalcin antibody was pipeted into all tubes. The tubes were then placed on a vortex 
mixer. One bead containing the immobilized antibody was transfered to each tube. A 
"sandwich" complex is created as the sample is immunologically bound to both the 
immobilized antibody and the labeled antibody. The reaction was as follows: 
Bead/ Anti-Osteocalcin - Osteocalcin - 1251 Anti-Osteocalcin 
(20-36) (1-19) 
The tubes were then incubated at room temperature for 3 hours on a horizontal rotator set at 
180-220 RPM. At the end of the incubation period , the bead was washed three times with 2 
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mL of a wash solution contained in the kit. This removes any unbound labeled antibody and 
other components. The radioactivity of the antibody complex bound to the bead was then 
measured in a gamma counter for 2 minutes. The radioactivity of the antibody complex 
bound to the bead was directly proportional to the amount of osteocalcin in the sample. A 
standard curve was acheived by plotting the counts per minutes (CPM) versus the respective 
osteocalcin concentration for each standard on logarithmic scales. The concentration of 
osteocalcin in our samples was determined directly from this curve, after correction of the 
values by substracting the CPM of a blank background standard. The amounts of osteocalcin 
was expressed in ng/10 4 cells 
Scanning electron microscopy examination 
The 12 days cristal violet plates were used for this part of our study, and only three patient were 
used. We decided to compare the control wells with cells only, the MTA and MTA-Silicon 40% 
controls , and the MT A and MT A-Silicon 40% wells with cells. The samples were rinsed five 
times with PBS and then lmL of 2.5% gluteraldehyde in PBS placed in each well and left for 
one hour. The wells were then rinsed with PBS for 10 minutes, and then dehydration was done 
using four different ethanol concentrations (70%, 85%, 95% and 100%). A volume of lmL of 
each ethanol concentration was left in the wells for 5 minutes. After dehydration, the samples 
were immediately immersed in hexamethyldisilazane for 15minutes and then dried in a 
dessicator under low vacuum. Each well was then cut with a heated wire in order to isolate the 
bottom of the wells. The samples were then mounted to stainless steel SEM stubs, sputter coated 
with gold, and silver paint was applied to the plastic border of the wells for conduction. The 
samples were then examined using a scanning electron microscope (XL 20, Philips Electronics , 




1. pH changes of the culture medium 
The pH of the culture medium was measured on the first day after seeding, and then every three 
days until day 20. The pH was measured with an Accumet Metro pH meter with the Accu-pHast 
combination electrode when the culture medium was changed in our samples. The pH of each 
negative control (no cells) and the positive control (cells only) was also measured along with the 
groups MTA, modified-MTA with BIE (20% and 40%) , modified-MTA with silicon (20% and 
40%). A total of 8 cell lines where used to collect our data. Table 1 shows the variation of the 
mean pH values for each material tested. The pH was more alkaline the first day after seeding , 
and then decreased until day 15 to increase again until day 20. 
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PH DAY 1 DAY 4 DAY 7 DAY 10 DAY 12 DAY 15 DAY 18 DAY 20 
MTA 
8,24 7,73 7,75 7,66 7,66 7,44 7,49 7,60 
MTA-BIE20% 8,01 7,85 7,77 7,76 7,72 7,45 7,52 7,70 
MTA-S120% 
8,06 7,74 7,46 7,68 7,63 7,40 7,56 7,65 
CELLS ONLY 
7,53 7,44 7,4 7,42 7,57 7,10 7,36 7,43 
MTA-BIE40% 7,94 7,75 7,71 7,91 7,73 7,56 7,61 7,75 
MTA-S140% 
8,13 7,88 7,57 7,75 7,70 7,53 7,76 7,49 
MTA CO 
8,27 7,82 7,96 7,98 7,91 7,60 7,89 7,91 
MTABIE20CO 
8,10 7,77 7,9 8,11 7,96 7,59 8,08 8,01 
MTASI20CO 
8,07 7,81 7,74 7,94 7,86 7,54 7,82 8,14 
MTABIECO40 
7,80 7,7 7,86 8,20 7,95 7,74 8,21 8,08 
MTASICO40 
8,45 7,71 7,79 8,05 7,83 7,56 8,26 8,10 
Table 1. The mean pH values of ceH culture medium from ceHs exposed to MT A, modified-
MT A with bioactive inorganic element (BIE) and modified-MT A with silicon in 
concentrations of 20% and 40%, the positive control group ( ceHs only) and the negative 
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Figure 2: The mean pH values of synthetic MTA and modified synthetic MT A with silicon 
over a period of 20 days. 
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2. Cell attachment efficiency 
In order to determine cell attachment efficiency , we measured the optical density of crystal violet 
dye. The dye binds to the nuclear content of the cells that were attached to the experimental 
MT A, modified experimental MT A and control group ( cells attached to the surface of the wells 
without material). The attachment percentage was calculated by comparing the 16h attachment 
of cells to the number of cells that were seeded into each well (l.5xl0 5 cells). We performed 
analysis of variance, done by time point (16h, 12d, 20d). Post-hoc testing compared means by 
treatment group (N=8). No adjustment for multiple testing was done in this exploratory analysis. 
At 16 hours, the control group had the lowest cell attachment efficiency and MT A-Silicon 40% 
the highest. There is a statistically significant difference between the MT A-Si40% group and 
every other group (p<0.05) except the MT A-Si20% group (p=.0786). The MT A-Si20% group is 
higher and statistically significantly different than the control group (p<0.05). 
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The GLM Procedure 
Least Squares Means 
outcome Standard LSMEAN 
treat LSMEAN Error Pr > itl Number 
bie20 379944.846 133941.591 0.0080 1 
bie40 415437.475 122271.385 0.0019 2 
mtaOO 286073.714 122271.385 0.0259 3 
none 110841.853 105890.125 0.3033 4 
si20 523122.283 122271.385 0.0002 5 
si40 837682.616 122271.385 <.0001 6 
Least Squares Means for effect treat 
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Table 2. The average number of cells attached and the attachment efficiency at 16 hours. 
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MTA MTA-BIE20% MTA-BIE40% MTA-S120% MTA-S140% Control 
Figure 3: Mean cell attachment efficiency at 16 hours (x104 cells). 
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3. Twelve Days Attachment and Proliferation Rate 
The number of cells attached to the different experimental materials was determined by 
measuring the optical density of crystal violet dye extracted from cells attached to experimental 
MTA, MT A-BIE 20 and 40%, MT A-Si 20 and 40% and control group ( cells only). The mean of 
the attached cells was determined as well as the standard deviation. A background value 
obtained from measuring the optical density of crystal violet dye attached to each test material 
without any cells grown over it was substracted from the results. Negative values were counted 
as missing, meaning that the background value was higher than the number of cells attached. 
Cell proliferation rate was done by normalizing cell numbers at 12 days of culture and 
comparing growth with the 16 hours values. We performed an analysis of variance at 12 days 
with N=8. Post-hoc testing compared means by treatment group. No adjustment for multiple 
testing was done in this exploratory analysis. MTA-BIE40% is the highest group followed by 
MT A-Si40%. The MTA group has the lowest cell attachment values. MT A-BIE40% group is 
significantly statistically different from all the groups (p<0.05), except the MT A-Si40% group 
(p=.2911 ). The MTA-Si40% group is higher and statistically significantly different than all the 
groups (p<0.05) except the MTA-BIE40% group. The MTA-Si20% group is higher and different 
than the MTA group (p=0.0516). There is no statistical difference in the cell attachment 
efficiency among the groups. The 12 days proliferation rate results show that MTA-BIE40% has 
the highest rate and is statistically significantly different from all the other groups (p<0.05). 
MTA-SI40% has the lowest proliferation rate. 
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Number of cells attached at 12 days ( x 104 cells) 
MTA MTA-BIE MTA-BIE MTA- MTA-S140% Control 
20% 40% S120% 
24.82±13.07 46.75±12.22 130.59±15.46 63.62±14.11 108.15±14.11 41.51±12.22 
Table 3. Cell attachment over 12 days of culture. 
Cell proliferation rate at 12 days 
MTA MTA-BIE MTA-BIE MTA- MTA- Control 
20% 40% S120% S140% 
1.48±2.19 1.93±2.40 22.26±3.10 3.46±2.68 1.25±2.40 4.54±1 .90 
Table 4. Cell proliferation rate over 12 days of culture. 
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MTA MTA-BIE20% MTA-BIE40% MTA-S120% MTA-S140% Control 



















Cell proliferation rate over 12 days 
Figure 5: Mean cell proliferation rate after 12 days of culture. 
ifil Mean 
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The GLM Procedure 
Least Squares Means 
outcome Standard LSMEAN 
treat LSMEAN Error Pr > !ti Number 
bie20 467593.74 122226.44 0.0005 1 
bie40 1305968.27 154605.57 <.0001 2 
mtaOO 248210.71 130665.56 0.0660 3 
none 415069.82 122226.44 0.0018 4 
si20 636157.10 141134.93 <.0001 5 
si40 1081501.10 141134.93 <.0001 6 
Least Squares Means for effect treat 








































The G LM Procedure 
Least Squares Means 
outratio Standard 
LSMEAN Error Pr > ltl 
1.9312097 2.3980255 0.4282 
22.2586867 3.0958376 <.0001 
1.4797173 2.1890877 0.5053 
4.5354406 1.8958056 0.0246 
3.4582392 2.6810740 0.2089 



































Least Squares Means for effect treat 
Pr > iti for HO: LSMean(i)=LSMean(j) 
Dependent Variable: outratio 
2 3 4 























4. Twenty Days Attachment and Proliferation Rate 
The number of cells attached to the different experimental materials was determined by 
measuring the optical density of crystal violet dye extracted from cells attached to experimental 
MTA, MTA-BIE 20 and 40%, MTA-Si 20 and 40% and control group (cells only). The mean of 
the attached cells was determined as well as the standard deviation. A background value 
obtained from measuring the optical density of crystal violet dye attached to each test material 
without any cells grown over it was substracted from the results. Negative values were counted 
as missing, meaning that the background value was higher than the number of cells attached. 
Cell proliferation rate was done by normalizing cell numbers at 20 days of culture and 
comparing growth with the 16 hours values. We performed an analysis of variance at 20 days 
with N=8. Post-hoc testing compared means by treatment group. No adjustment for multiple 
testing was done in this exploratory analysis. At 20 days, MTA-BIE20% has the highest cell 
attachment rate followed by MT A-Si20% and MT A-BIE40%. The lowest score was observed in 
the MTA group. There is statistically significant difference between the MT A-BIE20% group 
and both the MT A group (p=.0300) and the control group (p=.0378). The MTA-SI20% group is 
different than the control group (p=.0642). After 20 days, the control group had the highest 
proliferation rate, and the MT A-Si40% the lowest. There is no statistically significant difference 
in the proliferation rate among all the groups, but the control group is different from the MT A-
SI40%group (p=0.0539). 
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Number of cells attached at 20 days (x104 cells) 
MTA MTA-BIE MTA-BIE MTA-SI20% MTA-SI40% Control 
20% 40% 
31.81±18.41 88.93±17.23 79.08±18.41 86.39±21.79 43.22±21.79 36.28±17.23 
Table 5. Cell attachment over 20 days of culture. 
Cell proliferation rate at 20 days 
MTA MTA-BIE MTA-BIE MTA- MTA- Control 
20% 40% SI20% SI40% 
3.49±1.46 3.50±1.46 2.96±1.33 3.41±1.89 0.43±1.46 4.19±1.16 
Table 6. Cell proliferation rate over 20 days of culture. 
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MTA MTA- BIE20 % MTA- BIE40% MTA-S120% MTA-S140% Control 






















cell proliferation rate at 20 days 
Figure 7: Mean cell prolif era ti on rate over 20 days. 
lfil Mean 
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The GLM Procedure 
Least Squares Means 
outcome Standard LSMEAN 
treat LSMEAN Error Pr > ltl Number 
bie20 889306.414 172251.303 <.0001 1 
bie40 790796.674 184144.388 0.0001 2 
mta 318097.710 184144.388 0.0932 3 
none 362774.101 172251.303 0.0427 4 
si20 863900.203 217882.579 0.0004 5 
si40 432156.891 217882.579 0.0554 6 
Least Squares Means for effect treat 


































The G LM Procedure 













outratio Standard LSMEAN 





























Least Squares Means for effect treat 
Pr > !ti for HO: LSMean(i)=LSMean(j) 
Dependent Variable: outratio 
2 3 4 5 
0.7853 0.9947 0.7135 0.9692 
0. 7906 0.4899 0.8466 
0.7906 0.7081 0.9737 
0.4899 0.7081 0.7257 
0.8466 0.9737 0.7257 








5. Overall cell attachment efficiency 
The overall cell attachment efficiency results were obtained by performing an analysis of 
variance comparing all the groups, ignoring time as a factor. The results show that the MT A-
BIE40% group has the highest cell attachment efficiency levels, and the MT A group the lowest. 
There is a statistically significant difference between the MTA-BIE40% group and both the 
MT A group and control group (p<0.05). MTA-Si40% has the second highest cell attachment 
efficiency, and the results show that there is a statistically significant difference between this 
group and both the MTA group and the control group (p<0.05). 
The GLM Procedure 
Least Squares Means 
outcome Standard LSMEAN 
treat LSMEAN Error Pr > !ti Number 
bie20 607377.402 92758.352 <.0001 1 
bie40 808780.163 100190.471 <.0001 2 
mta 284030.060 95049.026 0.0035 3 
none 296228.591 86767.493 0.0009 4 
si20 663245.725 103095.144 <.0001 5 









Least Squares Means for effect treat 
Pr > !ti for HO: LSMean(i)=LSMeanG) 
































6. Osteocalcin expression at 12 days 
Osteocalcin expression was determined by measurmg the amount of 1251 labeled human 
osteocalcin antibody attached to osteocalcin in extracted culture media. We performed analysis 
of variance to compare treatment effects by time points (12 and 20 days). Post-hoc testing 
compared means by treatment group. No adjustment for multiple testing was done in this 
exploratory analysis. A background value obtained from measuring the optical density of O ng / 
mL of osteocalcin was substracted from the results. Negative values were counted as missing, 
meaning that the background value was higher than the number of cells attached. The results 
show that the control group had the highest levels of osteocalcin, followed by the MTA-BIE40% 
group. The MTA-SI40% group had the lowest concentration of osteocalcin. There is a 
statistically significant difference between the control group and the MT A, MT A-SI20% and 
MTA-SI40% groups (p<0.05). We can see that the MTA-BIE40% group is different than the 
MT A-SI40% group (p=0 .0519). 
Osteocalcin concentration ( in ng per 104 cells) 
MTA MTA-BIE MTA-BIE MTA- MTA- Control 
20% 40% SI20% SI40% 
0.98±0.38 0.65±0.38 1.08±0.40 0.63±0.30 0.49±0.23 1.20±0.49 
Table 7. The average amount of osteocalcin expressed at 12 days. 
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MTA MTA- BIE20% MTA-BIE40% MTA-5I20% MTA-5140% Control 
Figure 8: Average osteocalcin expression in ng per 104 cells after 12 days in culture. 
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The GLM Procedure 
Least Squares Means 
Outcome Standard LSMEAN 
treat LSMEAN Error Pr > itl Number 
bie20 0.64931930 0.16735739 0.0009 1 
bie40 1.08230021 0.21605746 <.0001 2 
mta00 0.98315447 0.16735739 <.0001 3 
none 1.20400328 0.16735739 <.0001 4 
si20 0.62965943 0.16735739 0.0011 5 















Least Squares Means for effect treat 
Pr > !ti for HO: LSMean(i)=LSMean(j) 
































7. Osteocalcin expression at 20 days 
Osteocalcin expression was determined by measunng the amount of 1251 labeled human 
osteocalcin antibody attached to osteocalcin in extracted culture media. We performed analysis 
of variance to compare treatment effects at 20 days. Post-hoc testing compared means by 
treatment group. No adjustment for multiple testing was done in this exploratory analysis . A 
background value obtained from measuring the optical density of O ng / mL of osteocalcin was 
substracted from the results. Negative values were counted as missing, meaning that the 
background value was higher than the number of cells attached . The amount of osteocalcin in 
culture was expressed in 104 cells. The results show that the control group has the highest 
oteocalcin expression at 20 days followed by the MTA-S120% group. There is a statistically 
significant difference between the control group and the MT A-S140% group (p<0.05). There is 
no difference between the MT A group and all the modified MT A groups. 
Osteocalcin concentration at 20 days ( in ng per 104 cells) 
MTA MTA-BIE MTA-BIE MTA- MTA- Control 
20% 40% S120% SI40% 
0.87±0.82 0.84±0.17 0.80±0.43 1.01±0.16 0.34±0.35 1.30±0.34 
Table 8. The average amount of osteocalcin expressed at 20 days. 
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Figure 9: Osteocalcin concentration expressed in ng per 104 cells after 20 days. 
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The GLM Procedure 
Least Squares Means 
Outcome Standard LSMEAN 
treat LSMEAN Error Pr > ltl Number 
bie20 0.84410614 0.24388687 0.0028 1 
bie40 0.80156068 0.21813905 0.0017 2 
mta00 0.87014081 0.21813905 0.0009 3 
none 1.30329086 0.28161630 0.0002 4 
si20 1.00634146 0.34490812 0.0092 5 














Least Squares Means for effect treat 
Pr > !ti for HO: LSMean(i)=LSMeanG) 
































8. Overall osteocalcin expression 
The overall results for osteocalcin expression were obtained by comparing the results from 12 
days to 20 days. The control group has the highest overall osteocalcin levels and MTA-SI40% 
the lowest. We can see that overall , there is a statistically significant difference between the 
MTA-SI40% group and the MT A-BIE40% (p=0.0170) , MT A (p=0.0091) and the control groups 
(p=0.0002). There is also a statistically significant difference between the control group and the 
MTA-BIE20% (p=0.0160) and the MTA-SI20% groups (p=0.0235). There is no statistically 
significant difference between the control group and the MTA and MTA-BIE40% groups 
(p>0.05). 
The GLM Procedure 
Least Squares Means 
Outcome Standard 
treat LS MEAN Error 
bie20 0.73589123 0.13844916 
bie40 0.90683800 0.14684751 
mta00 0.92664 764 0.13134441 
none 1.24123612 0.14684751 
si20 0.73728287 0.15698659 
si40 0.40633995 0.13844916 
LSMEAN 





















Least Squares Means for effect treat 
Pr > iti for HO: LSMean(i)=LSMean(j) 
































9. 12 days microscopic evaluation 
After 12 days, sections of the wells were examined with the Scanning Electron Microscope set at 
400x and 1 000x. The samples consisted of the control wells, the MTA wells and the MT A-
Silicon 40% wells, with and without cells. In this section, no samples with BIE were examined. 
The arrows show osteoblast cells attached to the materials. 
Figure 10: SEM cross-section, ce11s only ( 400x). 
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Figure 11: SEM cross-section, cells only (lO00x). 
Figure 12: SEM cross-section, MT A only ( 400x ). 
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Figure 13: SEM cross-section, MTA only (lO00x). 
Figure 14: SEM cross-section, MTA with normal human osteoblast cells (400x). 
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Figure 15: SEM cross-section, MT A with normal human osteoblast cells (lO00x). 
Figure 16: SEM cross-section, MT A-Silicon 40% without cells (400x). 
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Figure 17: SEM cross-section, MT A-Silicon 40% without cells (lO00x). 
Figure 18: SEM cross-section, MT A-Silicon 40% with cells (400x). 
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Bone healing is mandatory for the success of endodontic surgery. Silicon is an essential element 
and has been proven to promote bone healing (Carlisle , 1982). In our study , we investigated if an 
addition of two different concentrations of silicon to a synthetic mineral trioxide aggregate could 
promote osteoblast proliferation and differentiation. We decided to deliver the silicon by itself, 
and through BIE (Bioactive inorganic element). 
Human osteoblast cells grown from cortical bone chips were used in this study. This gave us a 
more realistic approach for how human cells would react to our materials in a clinical setting. 
However , this technique of culture is very sensitive and a smaller number of samples could be 
done. In our study , we used the osteoblast cells from eight different patient bone chips . 
pH: 
A favorable environment 1s important to allow cellular proliferation and differentiation. 
Variations in pH can have a dramatic impact on cell growth, and cells are best grown in a neutral 
pH. In our experiment, we can see that the pH level was more alkaline on the first day after 
seeding and then decreased from day 4 to day 20. All the materials tested followed this course , 
except for the pH levels of the control group of cells only, which remained stable, between 7.10 
and 7.57 , for the length of the 20 days period. These results show that all our materials promoted 
a favorable environment for cellular proliferation , their pH levels approaching the ones of the 
control group with cells only. This is in agreement with the study of Duarte et al. in 2003 , that 
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demonstrated that the pH of ProRoot MTA and MT A-Angelus was higher 3 hours after mixing 
and then decreased afterwards. In our study, the pH results ranged from 7.44 to 8.24 for the 
materials in contact with cells and from 7.54 to 8.45 for control groups without cells. These 
results are lower than those of Torabinejad et al. in 1995, in which the authors found a pH of 
10.2 to 12.5 for MT A and the study of Santos et al., in 2005, which showed a pH of 10.39 to 
10.59. These differences could be explained by the fact that in our study, we used culture 
medium which is buffered at a neutral pH. The studies discussed previously stored MT A in 
distilled or deionized water. It is also possible that the pH levels were higher immediately after 
seeding, and had already decreased after 24 hours. Another explanation could be the release by 
the cells of potential by-products that could lower the pH. The previous studies examined the 
materials in an aqueous environment, without cells. When we compare our products with their 
controls (without cells) , we can see that there is a tendency for the materials that were in contact 
with cells to have a lower pH than the products without cells. No significant difference could be 
seen when comparing the pH levels of the 20% BIE or Silicon and the 40% BIE or Silicon 
groups. At day 1, the MT A alone group had the highest pH value, 8.24. 
Cell attachment efficiency: 
In the process of seeding cells over a material , only a certain percentage of cells are capable to 
attach and then proliferate. Our results showed that the control group had 73.87% cellular 
attachment efficiency after 16 hours in culture and is the only group where cellular attachment 
efficiency is under 100%. We can speculate that cellular attachment is favorable when materials 
have certain surface topography. As discussed in our literature review , the hydroxlapatite and 
silica rich layer formed over Bioglasses is favorable for cellular attachment (Hench, 1980). Zhu 
et al., in 2000 , demonstrated that osteoblast cells were able to attach on MT A. This could explain 
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the superiority of the cellular attachment on materials containing higher silicon content, 
combined with the action of MT A. The MT A-Silicon 40% group had the higher attachment 
efficiency with 558.47%. There was a statistically significant difference between the MTA-
Silicon 40% group and all the other groups, except for the MT A-Silicon 20% group. The MTA-
Silicon 20% group was statistically significantly higher than the control group For this test, we 
used cristal violet dye that is captured by the cells and can be measured at a wavelenght of 
590nm. Crystal violet has been widely used in medicine and serves not only as a biological stain, 
but also as a dye for woods , silk and food, and in cosmetics. It has the capacity to bind externally 
to DNA and interacts with two adjacent A-T base pairs (Docampo and Moreno , 1990). The 
amount of released crystal violet could then be a good indicator of the number of cells obtained , 
and we made a standard curve without any materials and with a known number of cells, to relate 
the absorbance to the cell quantity. 
The MT A made in our experiment is synthetic, and the particles were not as fine as the particles 
of Pro Root ® MT A. This could partially explain the elevated levels because the dye was able, in 
control wells containing only the materials, to bind to the material in certain amounts , and 
therefore, the mean value of the absorbance per control (materials alone) were substracted from 
the values in an attempt to correct this issue. 
In a study done in 2006 by Dr. Marie Gosselin in our laboratory, the use of ProRoot® MT A also 
created elevated levels of cell attachment efficiency when using the cristal violet dye assay, and 
these levels were higher than 100% attachment efficiency (Gosselin , 2006). This makes us 
suspect that cellular attachment efficiency should be measured before 16h. Some bacterial 
organisms, like E. Coli, can divide every 30 minutes , and the division rate of human cells is 
longer. The cells of the human body divide at different rates , but go through the same cycle. 
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This cycle consists of four phases : G I or growth phase , S phase , 0 2 phase and M phase. Cells 
that are no longer dividing are in the 0 0 phase. On a 16 to 24 hours cycle, the M phase , where 
mitosis or cellular division occurs , lasts no longer than 1 or 2 hours (Fain-Maurel , 1994). 
At day 12, we can see that the MTA-BIE 40% group has the highest number of cells attached , 
followed by the MT A-SI 40% group. The MT A group has the lowest number of cells, along with 
the control group. These results suggest that a high amount of silicon creates a favorable 
environment for cellular attachment. We found a statistically significant difference between the 
MTA-BIE 40% group and all the other groups, except for the MTA-Silicon 40% group 
(p=0.2911 ). Furthermore , the MT A-Silicon 40% group was higher and statistically significantly 
different than all the groups , for the exception of the MTA-BIE 40% group. 
Some differences were noted after 20 days of culture. Both BIE groups showed the highest 
amount of cell attachment , along with the MTA-Silicon 20% group. The lowest cell attachment 
was seen with the MT A group. These results support the fact that an addition of BIE to MT A 
creates a biocompatible environment. 
Cellular proliferation rate: 
An osteoconductive material is a material capable of promoting normal bone turnover (Abdullah 
et al., 2002). This process starts with cellular proliferation. In our study, we measured the 
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proliferation rate by dividing the results obtained at 12 and 20 days by a baseline obtained by 
measuring the number of attached cells at 16 hours. 
At 12 days , we found that the MTA-BIE 40% group has a statistically significantly greater 
proliferation rate than all the other groups. The MTA-SI 40% had the lowest proliferation rate. 
This could suggest that the other ionic products contained in BIE have an active role in the 
surface layer formation. Also, in bioactive glasses, the silicon is contained as silicon dioxide , 
which could explain the lower proliferation rates obtained with MTA-SI 40% compared to 
MTA-BIE 40%. In a study by Bosetti et al., in 2003 , they compared the effect of different 
bioactive glasses containing either 46.1 % , 60% or 80% of silicon dioxide on human osteoblast 
cells. They found that 45S5 , which contained 46.1 % of silicon dioxide , was the highest 
osteoblast chemoattractor (Bosetti et al., 2003). This could explain why a higher amount of BIE 
in our study could promote a higher proliferation rate, and higher cell attachment efficiency. In 
Dr. Gosselin' s thesis , the proliferation rate at 12 days was statistically significantly higher over 
the MT A samples than with the MT A-BIE and MT A-SI samples (Gosselin, 2006). These 
differences could be explained in part by the fact that the amount of BIE utilized in her study 
was 30%. This might not be enough to enhance proliferation of osteoblast cells. Another 
important difference is that her study was done with white ProRoot® MT A. In a study by Saidon 
et al., in 2003 , they compared cell and tissue reactions to mineral trioxide aggregate and Portland 
cement when implanted in the mandibles of guinea pigs. Their results showed that after 3 days of 
cell incubation on freshly mixed or set materials , there was no difference in cell reactions. In 
vivo, they found bone healing and minimal inflammatory response next to the implants , 
suggesting that both materials have comparative biocompatibilit y (Saidon et al., 2003). In our 
study, it would have been interesting to compare the compounds of our synthetic MT A' s with 
ProRoot® MT A by x-ray diffraction analysis , and also to compare the materials usmg a 
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scanning electron microscope to compare surface topography. In a study done in our laboratory 
by Dr. Ashkan Samadzadeh in 2006, he compared white ProRoot® MT A, gray MT A and our 
experimental MTA for particle size and elemental composition. In his study, he did not evaluate 
our modified MT A's , with either silicon or BIE. The results of the scanning microscope for 
measuring particle size showed that white MT A had particle size either smaller than 5 microns 
or greater than 15 microns. In contrast , the experimental MT A contained particle size mostly 
within the 5 to 15 micron range , which could explain the differences in the attachment and 
proliferation rate. Also , the results of the x-ray diffraction analysis showed that the experimental 
MT A has higher traces of heavy metals as magnesium, aluminum, potassium and titanium when 
compared with white and gray MT A. He also found that white MT A had the lowest amount of 
these metals, which could explain the superiority of the cell attachment to white MT A in Dr. 
Gosselin's thesis compared to our study (Samadzadeh , 2008). 
The proliferation rate at 20 days showed that the control group has the highest proliferation rate 
and is different from the MTA-SI 40% group (p=.0539). There was no statistically significant 
difference among all groups. Also , we found that the proliferation rate increased at 20 days for 
all the groups except MT A-BIE 40% group. This could explain the later proliferation of our 
osteoblasts when grown on the surface of these products. Another possible explanation would be 
that the cells undergo an earlier differentiation stage when and addition of 40% BIE is added to 
MTA. 
Osteocalcin expression: 
Osteocalcin is a noncollagenous protein and is an important indicator of bone formation. In a 
study by Owen et al., discussed previously , they showed that the peak in osteocalcin activity was 
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between 16 and 18 days (Owen et al., 1990). In our study, we used 1125 to detect the amounts of 
osteocalcin released at 12 and 20 days. Overall , we found that the control group expressed the 
highest osteocalcin levels and MT A-SI 40% the lowest. There was also a statistically significant 
difference between the MTA-SI40% group and the MTA-BIE40% (p=.0170) , the MIA 
(p=.0091) and the control group (p=.0002). 
After 12 days of culture , the control group had the highest concentration of osteocalcin released, 
followed by the MT A-BIE40% and MT A groups. There was a statistically significant difference 
between the control group and the MTA, MTA-SI20% and MTA-SI40% groups. We also could 
observe that the MT A-BIE40% group was different than the MTA-SI40% group. In a study by 
Chou et al in 1998, comparing Sol-gel Bioglass® , PerioGlass® and hydroxyapatite implants 
inserted in the tibial condyles of 24 rabbits for 8 weeks , they found that Sol-gel Bioglass® was 
able to increase the levels of osteocalcin released (Chou, 1998). This could explain the fact that 
in our study, we found that there was more osteocalcin released with higher amounts of BIE. In 
Dr. Gosselin's thesis , similar results where obtained for the control group having the highest 
concentration of osteocalcin released, but she found no difference between the other groups 
(Gosselin , 2006). Perhaps , the fact that she used a lower concentration of BIE (30%) could 
explain these results. We can also see, in our study, that a higher concentration of BIE provides a 
more favorable environment for the release of osteocalcin. 
The results obtained after 20 days of culture show that the control group had the highest 
osteocalcin concentration. There was a statistically significant difference between the control 
group and the MT A-S140% group. The MT A-S120% group followed closely the control group, 
followed by both BIE groups and MT A group. Once again, the MT A-SI40% group released the 
least amount of osteocalcin , and the results were lower after 20 days than at 12 days. When 
104 
comparing the two time frames, there was a slight decrease in osteocalcin concentration at 20 
days for the groups of MTA, MTA-BIE 40%, and MTA-SI40%. The other groups, MTA-
BIE20%, MT A-SI20% and the control group had a slight increase of their osteocalcin 
concentration. Similar results were found in Dr. Gosselin' s thesis. When comparing the results 
obtained at day 12 and at day 20, the results were higher at day 12. She also found that the 
control group had the highest concentration of osteocalcin release, but in her study, the results 
remained higher after 12 days than at 20 days (Gosselin, 2006). In our study, we found more 
variations between the concentrations, and if we compare the results, we could think that a 
concentration of silicon higher than 20% induces earlier bone formation. 
Microscopic evaluation 
When comparing the materials under scanning electron microscopy, we can see that the surface 
topography varies consistently when 40% silicon is added to MT A. The surface of the material is 
more homogeneous without the addition of silicon. This could be explained by the fact that 
silicon is slightly water soluble. When we compare the control group of cells and the cells grown 
on either MTA or MT A-Silicon 40%, we can see that the cells grown on either material are more 
elongated and have a more flattened appearance than the control. These findings are consistent 
with the study of Nakayama, in 2005. In this study, the authors used a scanning electron 
microscope to observe the attachment of rat bone marrow cells on ProRoot MT A and IRM, after 
3 days of culture. They found that the cells were able to attach to MT A and had a flattened 
appearance (Nakayama et al., 2005). 
When comparing the MT A and MT A-Silicon 40% micrographs , we can see that cells were able 
to proliferate on both materials, but the MT A-Silicon 40% micrographs show more cellular 
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attachment. This finding is consistent with our 12 days attachment efficiency findings that the 
cell attachment efficienc y is higher when the cells are grown on MT A-Silicon 40% than MT A 
alone. This also supports the findings of Valerio , in 2004 , that suggested that the silicon released 
by the dissolution of bioglass 60S has the capacity to increase cellular proliferation (Valerio et 
al. , 2004). 
In our study , due to the small amount of samples (N=8) , we had extended standard deviations 
among our samples. Even if we consider that there are no variations between the cells of 
different patients , this could account as a possible explanation for the dissimilarities of our 
results. 
Another important feature is that in our study , the synthetic MT A ressembled gray MT A. In a 
study by Perez et al, in 2003 , they compared MG-63 osteosarcoma cell and osteoblast cell 
behavior when placed in contact with ProRoot™ MT A and white MT A. They found that 
osteobla st cells bound to white MT A, but did not survive on the surface of this material after 13 
days. Primary osteoblast could be seen on ProRoot™MT A at this timeframe . One of their 
explanation for this difference of attachment on gray versus white MT A was the surface 
topograph y of the materials , and the lack of iron in the white MT A (Perez et al. , 2003). Another 
study by Chou et al. , in 1995 , demonstrated the importance of surface topography on fibroblast 
cells. In their study , cells were grown on either smooth or grooved titanium surface , and 
fibronectin secretion and cell shape were observed. They found that cell shape was different on 
both surfaces , and fibronectin secretion was increased by 2-fold in the cultures (Chou et al. , 
1995). These studies support the fact that products such as osteocalcin and alkaline phosphatase 
could follow a different secretion pattern when placed in contact with products having various 
surface topographies. That would also support the fact that the attachment of the cells is different 
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among the products used in our study. In a further study, scanning electron microscopy could be 
done to observe variations in cell shape within 12 and 20 days. It would also be interesting to see 




Within the limitations of our study , we can conclude that: 
1) The alkaline pH of our materials decreased after 24 hours and did not prevent cellular 
attachment and proliferation. 
2) Synthetic Mineral trioxide aggregate with 40% silicon increases cellular attachment 
efficiency. All of the materials had more cellular attachment efficiency than the control group. 
3) An addition of 40% Bioactive inorganic element to synthetic MT A increases the cellular 
attachment efficiency and proliferation rate at 12 days. 
4) An addition of 40% Silicon to synthetic MT A increases the cellular attachment efficiency at 
12 days. 
5) An addition of Bioactive Inorganic Element to synthetic MT A, in either 20% or 40% 
increases the cellular attachment efficiency at 20 days. 
6) An addition of synthetic MT A and modified synthetic MT A to human osteoblast cells induces 
osteocalcin release , but the concentrations are lower than the control group of cells without 
material. 
7) At 12 days , both MTA and MTA-Silicon 40% show cell attachment , however , MT A-Silicon 




Further investigation is needed to promote the use of modified mineral trioxide aggregate with 
silicon as a root-end filling material: 
-Other tests could be done to effectively measure cell attachment and proliferation , since crystal 
violet dye can stain the materials. 
-Alkaline phosphatase activity and osteocalcin testing should be done at different times to see if 
there is a delay in the differentiation of the osteoblast cells. 16 days would be a good timeframe. 
-The effect of synthetic mineral trioxide aggregate on osteoblast cells should be compared with 
the effect of gray mineral trioxide aggregate , to see if both products can induce similar results. 
-It would be interesting to observe cell growth with a scanning electron microscope at 12 and 20 
days to observe cellular morphology over the different materials. 
-Similar tests using an osteoblast lineage could be done to obtain more findings, and then 
comparisons could be made with human osteoblast cells. 
-In vivo studies on animals should be performed to see the reaction of the tissues to the 
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